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Summary

The advection-diffusion (or dispersion) of gases from a localized, stationary or a moving gas
source into an ambient environment, results in a plume (or jet) that is representative of
processes with numerous applications of interest to the Air Force. For example, the accidental
or deliberate release of gases from a land-based, air or space vehicle, results in a plume that
can be used for the detection of the vehicles position. The deliberate release of biochemical,
results in a plume that can be used in tracking and identifying the source. The release of
gases/odors from biological systems results in a plume that may be important in search/rescue
missions. With this work we propose to further develop a model-based approach for detecting
the location of a moving gaseous source and the concentration via the use of a Sensing Aerial
Vehicle (SAV). This model-based approach incorporates the dynamics of the advection-
diffusion process, the concentration estimation scheme, the sensing aerial vehicle dynamics
and guidance, and the onboard sensor modeling.

The goals of research performed under FA9550-12-1-0114 were to:

¢ Develop a theoretical and finite-dimensional approximation framework that strongly
couples theoretical estimation and control with advanced computational fluid
dynamics methods.

The objectives of research performed under FA9550-12-1-0114 were to:

e Develop an abstract theoretical framework of the state estimator based on a modified
Luenberger observer with a collocated filter gain.

e Develop and implement in 3D an adaptive, multi-grid, multi-step finite volume
process-state estimator. Upwind and flux-limiting schemes will be incorporated to
address the convective and diffusive scales effectively. The grid will be constructed
based on length-scales obtained through the state estimator and adapted in regions of
interest. The time varying matrix representations of the diffusion operator due to grid
adaptation results in a hybrid dynamical system.

® Incorporate the 3D dynamics of the SAV and a sensor model with finite spatial and

temporal resolution into the SAV guidance schemes. The Lyapunov function

1

DISTRIBUTION A: Distribution approved for public release.



augmented by the vehicle dynamics, links the SAV guidance to the state estimator

performance.

1. Overview

The goal of the work is to provide, in real time, an estimate of the gas concentration
associated with an emitting moving source. Minimizing the damage from a toxic release must
address not only the source location or its proximity, but also the contaminated material that
has already been released (i.e. estimate the concentration field). The strategy applied in this
research effort is not to reposition the sensors onboard the UAVs to spatial areas of higher
concentration (i.e. a local maximum concentration), but to send the UAVs with the onboard
concentration sensors to areas of higher state estimation error. An overview of the proposed

scheme is presented in Figure 1.

Sensing Unmanned
Aerial Vehicles

Intruder
Gas \ - /
Plume :
()

Communication
Station

Figure 1. Schematic of the considered problem with an aerial source and a group of UAVs.

2
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2 Physical Model

The mathematical model for the process of gas release by a moving point source is
presented along with the mathematical model for the sensor measurement and estimator and

the UAV dynamical model and guidance law are described.

2.1 Process Model

The plumes of interest in this dissertation are released in the lower layers of the
atmosphere, at altitudes below 10 km. Atmospheric turbulence is responsible for the transfer
of the trace (plume) gases in the lowest layers of the atmosphere [48], [49], [50]. Following
[24], [25], we present below the “process model” which is represented by the 3D advection-
diffusion equation. Consider a source of gas release, which is moving along an unknown

trajectory inside a spatial domain €2 = [0, LX} X [O, LY] x[0,L,] € R®. The spatial distribution

of the gas source is given by the 3D Dirac measure concentrated at the point of the source’s

spatial centroid

b(X,Y,Z)=68(X - X,(1)8(Y —Y.())8(2Z - Z,(1)), @.1)

where t € R" is time, X, Y, and Z are the spatial variables, (Xe(t),Y;(t),Z (t)) € Q. For

c

brevity, hereinafter the time varying centroid of the source is denoted by
O () = (Xe(t) Y (1), Zc(t)> € ). The gas source is characterized by a known release rate u(t)
and using Eq. (2.1), it can be represented as

S(t,6,)=b(X,Y,Z)u(t). 2.2)

Since the flows of interest are turbulent, the fluid velocities U, V ,and W in X, Y ,

and Z directions accordingly are random functions of space and time. They can be represented

as the sum of deterministic and stochastic component as follows

U=U+U'
V=v+V (2.3)
W=w+Ww

Consider the conservation of mass of gas within an elementary volume

Q= (AX, AY, AZ) with the center at (X, Y, Z), such that © (t) € Q_, shown in Figure 3.

3
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Figure 3. Schematic of an elementary volume.

Assume the case of chemically inert species, i.e. the net amount of material convected out of

the volume element must be balanced only by an equivalent amount of material that is emitted

by the sources and that enters by molecular diffusion. The conservation of mass cdf) or

concentration ¢ through this elementary volume is written in integral form as

%f{fcd&)a:—g(F-n)dAJerf(deQc, 2.4)

where A is the volume surface area, n is the normal vector to the surface, and F is the total

flux through the surface. Applying the Ostrogradsky-Gauss theorem yields
 (F-npia= [[[(V-Flo @9
A Q,

. . . : 8}7X 8}7}/ Z
The gradient operator in Cartesian reference frame is V- F = + + . The
oxX oY 07

flux through each face F, F, , and F, of the elementary volume is represented as a sum of

advective and diffusive fluxes. According to the Fick's law [49], the diffusive flux is
proportional to the concentration gradient. Therefore, the total flux through each face is written

as follows

4
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F =|cT] o —DYE et . —D2<
X—= 0X X7A72X X+=- 0X X+ATX
F, =|c7] . —n2e v L, =< (2.6)
Y—" dY|, av Y= oY |, av
2 AN
FZ: CW‘ AZ_Dac - CW AZ_Dac
= 07|, az = 07|, a1
2 2

where D is molecular diffusivity. In order to express the fluxes through the faces X + A2—X,

Y-l—%,and Z-l—% in terms of the fluxes through X—ATX, Y—%,and Z—%

we apply the Taylor series expansion

— = o(cU)
CU‘“A;(—CU‘XA;(-F 5X X?gAX
2
— = (cV)
CV‘Y+A;/—CV‘YA2Y—|— >y Y,gAY
2
— = I(cW)
CW‘Z+AZZ—CW‘ZAZZ+ % ZﬂAZ
2
22.7)
pdel _poel oo ax
8XX+A7X 8XX¥ aX 8X _AX
2 2
ol _poel o fpee]
oY|, av oY |, av 0Y | OY) ar
2
poel _poel ool L,
07|, sz 04|, as 07| 0Z) a
2 2 2

Eq. (2.7) implies that the gradient of the total flux is

dc 0 dc 0 Oc
D D — | D=1 (2.8
8X]+8Y[ 8Y]+8Z[ 82] (2.8)

V.F— _0(clU)  0(cV) (W) . 0
0X oY 07 0X

Substituting this result into Eq. (2.4) supplemented with Eq. (2.5) and Eq. (2.3), integrating

and dividing by the elementary volume €2 yields

5
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@+a(c(U+U'))+a(c(v+v’))+a(c(W+W')) )
0X oY 7
) [D dc ) [D de o (. dc

+—|D=—=
x|\ ox| oy av| oz| oz

2.9

+ +8(t,0,)

Since U’, V', and W' are random variables, concentrations obtained from solution of Eq.
(2.9) are also random variables. Thus, the determination of a concentration ¢ in the sense of a
specified function of space and time is not possible. Instead, the mean concentration (c) should
be specified, such that ¢ = (c)+ ¢’, with (¢) = 0. Averaging Eq. (2.9) over an infinite

ensemble of realizations of the turbulence yields

%+%(U<c>+w’c’>)+a%(w> + (Ve >) aZ + (W) =
0 |pole)|, 0 |p0l) +St@) =10
ox|"ax | av|”

In order to relate the turbulent fluxes (U'c’), (V'¢'), and (W'¢') to (c) we apply the
mixing-length model [48]. The mixing length is a measure of the maximum distance in the
fluid over which the velocity fluctuations are correlated (i.e. a measure of the eddy size).

According to the mixing-length model,

(U' ’> KXX %

0X
(V') = K., % 2.11)
ey =k, 49

Py

where {Ki].}, 1,7 = 1,2,3 is the eddy diffusivity tensor. In the case considered here the

coordinate axes coincide with the principal axes of the tensor, therefore it has only three

K K . Assume, in addition that molecular diffusion is

nonzero diagonal elements K, , K,

negligible compared with the turbulent diffusion

6
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0 |pdla| 9 u'e')
ox|  ox| ox
0 |pda) 9 (V') (2.12)
oY |~ oy | oy
)

Substituting Eq. (2.11) into Eq. (2.10) with assumption (2.12) yields the advection-

diffusion equation written in the so called conservative form,

o), O(Ute) , o(via)  a(wie) _

9, d{c) 9, d{c) 0 d{c) ’
K K —I| K, —|+S(t,0
8X[ o 8X]+(9Y[ vy | oz ez )T (40

which describes the dispersion of the plume created by the point gas source in the ambient
atmosphere.

9{e)(t)

on

Equation (2.13) is supplemented with Neumann boundary conditions

o0

the boundaries of the domain €2 and an initial condition (c)(t = O)‘ =0.

K K _ the

Yy’ 77

In case of constant wind speeds U, V', W and eddy diffusivities K

XX’
advection-diffusion equation (2.13) is written in a strong conservative form as
d{c) LU o{c) LV d{c) W 9{c) _

0*(c) 0*(c) 0*(c)
KXX 8X2 + KYY 8Y2 + KZZ 8Z2 + S<t7@n>

In this work, the atmospheric wind speeds and eddy diffusivities are assumed to be known

functions of the spatial variables. As was mentioned above, the process of gas release is
considered in the lowest layer of the atmosphere, called the planetary boundary layer (PBL).
The thickness of the PBL is a variable in both time and space and varies from 20-500m during
nighttime hours to 0.2-5 km in the late afternoon. Since the time scale and space scale of the
process under consideration is small (up to 10-15 min and up to 4 km), the thickness of the
PBL in this case is considered to be constant and equal to 0.5-1 km. The mean wind speed in

the PBL generally increases with height. An empirical representation of the mean wind

7
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distribution, which is frequently used in air pollution dispersion applications is the power-law

profile

. m<l1 (2.15)

where U is the wind speed at the reference height Z and m is an exponent less or equal to

unity. The parameter m depends on the surface roughness and stability. Observations have
shown that surface roughness and stability increase when m increases. Under near-neutral

conditions m ranges from 0.15 for smooth water, snow and ice surfaces to 0.4 for urban areas.

Eddy diffusivities K ., K

v K,,,and K  areusually either assumed to be constants or specified

as functions of height through power-law relations of the type

K <l 2.16)

where parameter 7 depends on the surface roughness and stability.

2.2 Sensor Model

Various sensing techniques exist to measure concentration of trace gases. These principles
are based on the physical and chemical properties of the gases. Basic sensor characteristics are
sensitivity, range, precision, accuracy, resolution, response time, offset, and hysteresis. Among
sensing technologies, the most commonly used are electrochemical, solidelectrolite, catalytic,
spectroscopic and photoionization sensors [51], [52].

In this work, the detection and quantification of pollutants and natural trace
environmental chemicals are of interest. This requires sensors with high level of sensitivity.
Furthermore, the required sensor should have very small response time (within a couple of
seconds) to provide measurements for the estimation process. This is due to the fact that the
guidance scheme is coupled to the estimator performance and the resulting control inputs for
the UAV should be processed in real time. Therefore, spectroscopic sensing technology seems
to be the most acceptable for this work.

The principle of operation of a spectroscopic sensor is based on a unique absorption
spectrum exhibited by each molecule. The spectrum is described in terms of absorption

strength versus frequency, temperature and pressure in spectroscopic databases. The molecular

8
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structure determines at which frequencies the incident light will be absorbed by the molecule.
Among optical sensing techniques the infrared (IR)-source gas sensors are widely used.

An IR-source gas sensor contains three major parts, shown in Figure 4: the IR source,
a volume of the gas sample and the IR detector. When the IR source emits broadband radiation
including the wavelength absorbed by the target gas, the sample gas in the gas cell will absorb
the radiation in its particular way. The optical filter is used to screen out all radiation except
for the wavelength that is absorbed by the target gas. Therefore, the presence of interested gas
could be detected and measured by an IR detector. This system is also known as Non-
Dispersive Infrared (NDIR) gas sensor [52]. The smallest NDIR sensor modules weight
approximately 5-10 grams and have size less than 40 mmx40 mmx15 mm.

The estimation process is based on in situ sensing, i.e. a sensing technique where a
device is in direct contact with the environmental phenomena (here, concentration). In situ
sensing in fluid environments is classified into Eulerian and Lagrangian based on the different
reference frames [53]. In the present work, the Lagrangian technique is used, according to
which sensors move freely in the fluid itself, and gather measurements as they moves through

the environment [54], [55].

Mathematically, the gas sensor location O (t) = (Xs(t),Ys(t),Zs(t)) € ) is described

similar to the gas source location (see Eq. (2.1)) with the 3D Dirac delta function. Therefore,

the sensor readings is provided via

Ly L, L,
0

y(to,(t) = [ [ [(tx.y,2p(x - x.0)s(v —v.(0)6(Z - Z,()dZdYdx (2.17)

0

Sample Gas Input Sample Gas Output

©) O ©)

o @) O Detector

O
o O 0O @)

IR Source Gas Chamber Optical Filter

@)
— ©)
@)

Figure 4. IR-source gas sensor based on the basic absorption spectrometry [52]. Copyright 2012 by
the authors; licensee MDPI, Basel, Switzerland

9
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2.3 Estimator Model

The estimator model is based on the advection-diffusion equation (2.13). It takes the form

of a Luenberger observer supplemented with an output injection term 7R(#,© ) that is

dependent on the sensor location O (t) :

o) , a((e)) . a((ev) . a(ew)

0 o)) o aey], o d(e) '
— | K =L |+ —|K,, =L |+—=|K,, =L |+ R(t,O
aX[ W ox +8Y[ vy | ez 7 ez )" (6.

where (¢) is the estimated mean concentration. The boundary conditions for Eq. (2.18) are

9{e)(t)
on

= 0 and the initial conditions are (¢)(t = O)L2 =(c),(t = 0)‘Q . The output injection

o0
term R(t,©,) is specified by the difference between a “true” concentration and a state estimate
at the current UAV location, multiplied by the filter gain. The latter is taken to be a weighted

multiple of the dual of the observation operator associated with the sensor's spatial distribution

given in Eq. (2.17)
R(t,6, (t)) =16 (X - X (1))6(v - Y,(1))8(2 - Zs(t)>[y(t, 0.)— @t @S)} (2.19)

where I" > 0 is a user-defined estimation gain.

2.4 UAYV Dynamics and Guidance

2.4.1 Review of UAVs

Unmanned Aircraft Vehicles (UAVs) have evolved rapidly over the past decade driven
primarily by military uses, and have begun finding application among civilian users for earth
sensing reconnaissance and scientific data collection purposes [43]. Among advantages of the
UAVs as compared to manned aircrafts is long flight duration, improved mission safety, flight

repeatability due to improving autopilots, and reduced operational costs.

Among the low-cost and low-risk UAVs for remote sensing expeditions, one should mention
the Aerosonde® UAV. This UAV can be programmed to make very detailed flight patterns that
can be flown automatically and in very extreme weather conditions. Specifications for the

10
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Aerosonde® UAV are provided below, as well as a discussion of its applications and

advantages [45].

2.4.2 Coordinate frames

To derive the dynamic model for the UAV, the inertial and the body coordinate systems
(or frames) are required [56], [57], [58]. The inertia frame is used in applying Newton’s law
and is the frame in which GPS provides position and speed. The body-fixed frame is often used
for describing the aerodynamics forces as well as for on-board sensors, such as accelerometers
and rate gyros. Therefore it is important to identify these coordinate frames and to describe the
transformation between them.

For a short-range UAV (with the flight duration of up to 10 hours and maximum distance

of several kilometers) the earth is assumed to be flat and non-rotating. The inertial coordinate
frame is an earth-fixed coordinate system denoted by 7' and is depicted in Figure 5. The unit

vectors X, Y, and Z are directed north, east and towards the earth center respectively. The

body coordinate frame, which is denoted by F " has the origin at the center of mass of the

vehicle. The axes are directed as follows: X points out the nose of the airframe, y points out
the right wing, and z points out the belly. The body frame F' is obtained from the inertial
frame F' by the four consecutive transformations, depicted in Figure 5.
 Translation of the origin of the F' reference frame to the center of mass of the vehicle
to result in the vehicle frame F°
* Positive right-handed rotation about the z’ axis by the heading (yaw) angle 1 to result
in the vehicle-1 reference frame F"'
* Positive right-handed rotation about the §"* axis by the pitch angle @ to result in the
vehicle-2 reference frame F"*

« Positive right-handed rotation about the X"* axis by the roll (bank) angle ¢ .

11

DISTRIBUTION A: Distribution approved for public release.



x" (north)

y" (cast)

X z" (into the earth center)
X (north)

I Y (east)

Z (into the earth center)

Figure 5. Transformation from the inertial frame to the body frame.

The transformation of an arbitrary vector p from the vehicle frame F° to the body frame
F' is given by
' =R/ (6,0.4)p" = R}, (¢) R} (0) R (¢)p"

1 0 0 |lcos@ 0O —sinf|| cosyy siny 0
=|0 <cos¢ sing|| 0 1 0 —siny cosy 0|p’ (2.20)
0 —sin¢ cos¢|lsinf 0 cosf 0 0 1
C,C, C,S, -5,
= SQSGCw—C¢Sw S¢S€S¢+C¢Cw S¢Ca p’
cs5C,+5,5, €55 -5C, CC,

where Rf (gb, 0, @b) is the transformation matrix from the vehicle frame to the body frame, va2
is the transformation matrix from the reference frame F"* to the body reference frame, vaf
is the transformation matrix from the reference frame F"' to the reference frame F'*, val is

the transformation matrix from the vehicle reference frame to the reference frame F,

12
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&

v

Figure 6. Transformation from the body frame to the wind frame.

C. £ cosx and S £ sinx. The matrix R’ in Eq. (2.20) represents Euler transformation matrix

with Euler angles ¢, 6, and . The rotation sequence ¢-6-1) is commonly used for

representing aircraft orientation in three dimensions.

The wind direction relative to the body reference frame is specified using the angle of

attack « and the sideslip angle 3. The angle of attack « is defined as a left-handed rotation

about the body ¥ axis to result in the stability reference frame F° as shown in Figure 6 (left).

The sideslip angle (3 then results from the right-handed rotation of the stability frame F°

about z* to yield the wind frame F" as shown in Figure 6 (right). The unit vector x of the

wind frame F" is aligned with the airspeed vector V which is the velocity of the airframe

relative to the surrounding air. Therefore, the transformation of an arbitrary vector p from the

body frame F' to the wind frame F" is given by

with

p' =R (o8]0’ =R (a) R (8’
cosae 0 sinal| cosf sinf 0
= 0 1 0 ||-sinB cosp 0|p

—sina 0 cos« 0 0 1

cosfcosa  sinf cosfsina

R;”(a,ﬁ): —sin fcosa cos(3 —sin Fsin«

—sin o 0 CoS &

13
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2.4.3 Wind Triangle

For a small UAV, whose speed ranges from 20 to 35 m/s, the wind speed ranges from 20
to 50 percent of the airspeed, therefore, it is important to account for the effect of wind on the

UAYV dynamics. The inertial forces acting on the UAV are dependent on the velocity relative

to a fixed inertial reference frame F' referred to as ground speed Vg, whereas the
aerodynamic forces depend on the airspeed V . Denoting the wind velocity relative to the
inertial frame by V_, these velocities are related by the expression

V,=V -V, (2.23)

The relationship (2.23) is called the wind triangle. Given the wind speed components

U, V, and W with respect to the inertial reference frame, i.e. north, east, and down, and using

Eq. (2.20), the wind speed can be expressed in the body frame F' as

U uw
VI =R/ (6,0,9)|V|=]uv, (2.24)
w w

w

Defining u, v, and w as the body frame components of the ground speed Vg ;and u , v,

and w_ as the body frame components of the airspeed V , Eq. (2.23) is written as

u U—1u
T w
Vi=|v |=|v—v (2.25)
a r w
w w—w
r w

On the other hand, the airspeed vector in the reference frame related to the wind F" has

only one nonzero component

Vi = (2.26)

o o~

Therefore, combining Eq. (2.22) and Eq. (2.25) yields

14
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u, v,
V! =|v [=(R) |0
w, 0
(2.27)
cos fcosa —sin [ cosa —sin « v cos a cos (3
= sin (3 cos 3 —sin@sinafl 0 |=V, sin 8
cos B sin « 0 cos 0 sin accos 3

Inverting Eq. (2.27) gives

V=

L (2.28)
u

T

o = tan

.1 v,

B = sin
2 2 2
\/ur +U +w

The direction of the ground speed vector relative to the inertial frame F' is specified using

the course angle x and the flight path angle ~ (see Figure 7). The course angle ' is defined

as the angle between the horizontal component of the ground speed vector Vg and the vector

X (true north); the flight path angle ~ is defined as the angle between the ground speed Vq

X (north)

Y (cast)

Flight path projected onto ground

Z (into the earth center)

Figure 7. The flight path angle and the course angle.

15
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$X (north)

e, ————

Ground track

Figure 8. The wind triangle projected onto the horizontal plane (left) and vertical plane (right).

and its horizontal component. The ground speed vector in the inertial frame can be expressed

in terms of x and v as

COS Y COS Y
V' = Vq sin x cos 7y (2.29)

g9
—sin 7y

The geometrical representation of the concept of wind triangle is given in Figure 8. Here

X, 18 referred to as crab angle and v, is the air-mass-referenced flight-path angle:

> 1>

X—9
0 —

(e

Xe (2.30)
Ya
Assuming sideslip angle (3 to be negligible so that the airspeed vector V_is aligned with

the x axis (Figure 8), the airspeed can be expressed in the inertial frame as

cospcosy,
V' =V |sintcosy, (2.31)

—sin7y,

Therefore, the wind triangle (2.23) can be rewritten as

COS Y COS 7Y U cos 1 cos 7y,
Vq sin xcosy |— |V =V |sintycosy, (2.32)
—siny w —sin7y,

Taking squared norm of both sides of Eq. (2.32) yields

16
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T
cosycosy| |U
V; — 2Vg sinycosvy| |V [+ Vj — Vf =0 (2.33)

—sin -y w
The third row of Eq. (2.32) is solved for the air-mass-referenced flight path angle
Vg siny+ W

Vv

a

1

(2.34)

v, = sin-

Multiplying both sides of Eq. (2.32) by (— sin 'y, cos X,O) and solving for the heading

angle v yields

T

U
v

—sin
77D =X — sinfl m X (235)

cos X

2.4.4 Dynamic Model

The UAV equations of motion are derived based on commonly encountered in the
literature point-mass model of a fixed-wing aircraft [56], [60], [61], [62]. This model is drawn
from free-body diagrams and includes lift, drag, and thrust forces.

Figure 9 provides free-body diagrams for a UAV in climbing coordinated turn: to the left

the UAYV is rolling at an angle of ¢ and forces are shown in X — z plane, and to the right the
diagram shows the view in the direction of —x axis, forces are shown in § — 7z plane. Thrust

force is denoted by 7', drag and lift forces are denoted by D and L respectively; M is the
mass of the UAV. Applying Newton's second law along the x axis (Figure 9, left) and in the
vertical direction (Figure 9, right) yields

Lcoso

Mg cos~y

Figure 9. Free-body diagram of the forces acting on the UAYV in the climbing coordinated turn.

17
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MV =T —D— Mgsin~y (2.36)

Mgcosy— Lcos¢p =0 (2.37)

During a coordinated turn, the bank angle ¢ is set so that there is no net side force on the
UAV. In order to derive relationship for course angle  in terms of lift L, consider the

coordinated turn maneuver from the top view of horizontal plane, shown in Figure 10. The
horizontal component of the lift force L is acting in the radial direction opposite to the

centrifugal force, therefore the Newton's second law results in
M (Vq cos ’y) X — Lsin¢ cos(x — zﬁ) =0 (2.38)
Solving Eq. (2.38) for x provides

B Lsinqﬁcos(x—w)
B MVgcosv

X (2.39)

To derive the dynamics for the flight path angle ~, consider a pull-up maneuver in which

the aircraft climbs along an arc as shown in Figure 10, so that the airframe is rolled at an angle

¢ . Newton's second law in the radial direction gives
Lcosqﬁ—Mgcosy—MVg"y:() (2.40)

Solving Eq. (2.40) for + gives

vy cos ¢ — %cosv (2.41)

g

T MV,
Combining Eq. (2.36), Eq. (2.39), and Eq. (2.41) with the kinematic equations (2.29)
yields the equations of motion that describe the point-mass model of the fixed-wing aircraft:

X = Vq COS Y COS Y
Y = Vgsinxcosy

Z = —Vg sin 7y
T .
YR VAR ) (2.42)
. 9
v = MVg cos<;5—7gc087
‘ Lsinqbcos(x—z/))
X= MVgCOS")/

with lift and drag being determined as
18
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1

L==pV?SC

21 g (2.43)

D = E p‘/fSCD

where C, and (' are lift and drag coefficients related as follows

02
c =C, +—+= 2.44
P P meAR (244)
b2

where C is the parasitic drag due to the shear stress of air moving over the wing; AR = <
P

is the wing aspect ratio; b is the wingspan, and e is the Oswald efficiency factor [56], [58].
The lift coefficient for the point-mass model (2.42) is given by the linear function of the angle

of attack:

C,(a)=0C, +C,a (2.45)

: : - 2 00, . .
where C, is the lift coefficient at zero angle of attack and C, = 5 L is the stability
0 o

derivative. The magnitudes for C, and C| are found through wind tunnel tests or a detailed

0 @

computational study and usually can be found in the aircraft specifications.

Figure 10 Free-body diagram of the forces acting on the UAYV in the climbing coordinated turn: top
view of the horizontal plane and side view of the vertical plane.
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The engine thrust 7', the bank angle ¢, and the lift coefficient C, are the control inputs
to the dynamic model (2.42). The control inputs are assumed to stay within certain limits

0<T<T, 9] < &, 0< ¢, <C

max Lmax’

(2.46)

where T, ¢ ,and C are pre-specified constants.
max max Lmax

The model (2.42) is popular for simulation of the UAV motion [60], [61], [62] due to the

fact that it models the aircraft response to inputs that a pilot commonly controls: engine thrust

T, lift coefficient C ,»and bank angle ¢. At the same time, it allows to avoid cumbersome

relations in the 12-state model for the UAV kinematics and dynamics, which is usually used

to implement autopilot for specific aircraft maneuvers.

2.4.5 UAV Guidance

In order to derive the UAV guidance scheme, it is convenient to rewrite the process model

equation (2.13), and the estimator equation (2.18) in the abstract form as follows
x, = Ax +8(t,0,) (2.47)
%, =A%+ CTC(x - x) (2.48)
where X(t) = <c>(t, 3 -,-) is the concentration state, fc(t) is the estimated concentration state,

A is the advection diffusion operator, which is specified based on Eq. (2.13)

o 2] _0lev)_alew)

(QOKXX> (SOKYY)
0X oY

9 (2.49)

0X

0
oY

0

07

(SOKZZ>

0z

for p € L, (Q) and C is the output operator associated with the sensor's spatial location

Ly Ly L,
0

f f o6 (X = X, (0)6(Y —Y,())6(Z — Z,(t))dZd YdX (2.50)

0

Cp =

for all the test functions ¢ € H' (Q) . The UAV guidance scheme is based on the estimator

performance through the state-estimation error
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e(t, X,Y,Z) = (c)(t,X,Y,Z)— (&)(t,X,Y, Z). Combining Eq. (2.47) and Eq. (2.48) yields

the governing equation for the evolution of the state estimation error

e, =(A-CTCle+S(t,0,)=Ae+S(10,) (2.51)
. : . .. Oe(t)
Equation (2.51) is supplemented with Neumann boundary conditions ——=| = 0, and the
n (294
initial conditions are e(t = 0)‘ =e/(t = O)LZ.

Q
The control inputs should be chosen so that the UAV is driven towards the spatial areas
of higher estimation error. For this purpose, the Lyapunov redesign method is used with the

following choice of the Lyapunov functional [63]
£=—(eAge) (2.52)
where (-,-) denotes the L, (Q) inner product. The system is stable provided that the derivative

of the Lyapunov functional in Eq. (2.52) is negative semidefinite, i.e. £ < 0. Taking time

derivative of Eq. (2.52) yields

E=-2 .AC[e2 — <e,%<,4d)e> = —Q‘Ader + F(ssXX + 55YY + EEZZ) (2.53)
where
. L, 00(te,) [a@(te,)
e(t)2 e(t,@s (t)) . (t)2 [ T=XYZ @se

To ensure the derivative of the Lyapunov functional (2.53) is negative semidefinite, the

UAYV must have the following Cartesian velocities

X! = —kee,

rd

1_/ = —kee, (2.55)
7" = ke,

where k>0, k,>0,and k, > 0 are user-defined constant guidance gains.

The desired Cartesian components of the velocity vector in Eq. (2.55) yield the desired

magnitude of the ground speed Vg, the course angley and the flight path angle ~ are

calculated using the second and the third equations of the dynamic model (2.42) accordingly

21
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ng :\/Xd2+Yd2_|_Z'd2

Z'd

d
9

d
! = arctan 2 [%]

v! = arcsin (2.56)

Given the values of desired ground speed and current ground speed, the desired
acceleration is defined as a numerical approximation of the time derivative; the flight path rate

and the course rate are represented by the first-order models [56]

L ViV
Vi =_¢ g

g At
7' =b (v =) (2.57)

X' =b (X"~
where, bw > (0 and bX > 0 are user-defined constants. Substituting Eq. (2.57) into the dynamic

equations (2.42) supplemented with Eq. (2.43), yields the control inputs to the UAV

d
¢ = arctan 2 )'(d cos ”yd, ”'yd + % cos(xd - 1/1)}
g
d
d|sd , 9COSY
MVg v+ 7
C, = 1 g (2.58)
EpVaZSCOSQS
T = MV: —I—%prS(CD —|—KC§)+Mgsin7d

The UAV is subject to realistic constraints and therefore, the control inputs (2.58) should

stay within certain limits (2.46). The linear aerodynamic model is chosen for the lift and drag,

therefore, C™ is set to be equal to the lift coefficient at stall i.e.,

om = o (2.59)
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The maximum thrust, 7' is provided by the performance characteristics of the particular
UAV used. In order to obtain the maximum bank angle, b the load factor defined as the

ratio of the lift to the weight of the aircraft is used

A L

n —
My

(2.60)

For a small UAV in turning level flight, the maximum load factor n__is usually equal to
5 [59]. Therefore, the condition for ¢ results from the force balance equation (fifth
equation in system (7)) with y =4 =0

1L _ L, 2.61)
COS Qsma‘x Mg max

2.4.6 Extension to Multiple Sensors
The desired Cartesian velocities in Eq. (2.55) are expressed in terms of the estimation error

€ and the error gradients e, (t) at the current sensor location 65 (t) Therefore, in order to

implement the proposed guidance scheme, we should have at least seven point sensor
measurements. These sensors can be either attached to a single UAV or to different UAVs that
maintain a rigid flying formation. The gradient is then calculated using a central difference
approximation of the spatial derivative based on the six additional measurements (two in each
Cartesian direction X, Y ,and Z).

It seems reasonable to include additional measurements into the estimator (2.18). For this

purpose, the observation operator C in Eq. (2.48) is given by the 7-dimensional vector

ffsoé(X X, ( )6(Y - Ysl(t))(S(Z -7, (t))dZd Ydx

-
c%v\b‘

Co = : (2.62)

Ly L, L,

J [ [es(x-x 0)s(v-v,0)5(2 -2 (1) azayax

0

forall ¢ € H' (Q) The filter gain matrix I" isa 7 X 7 positive definite matrix

23

DISTRIBUTION A: Distribution approved for public release.



VA

Figure 11. Example of the flying formation of UAVs for the concentration gradient measurements.

r, 0 0
r=l0 " 0 (2.63)
0 0 T

7

and which is taken to be diagonal for simplicity. A full matrix would designate an all-to-all
communication between the 7 UAVs, require 7 interacting estimators. The diagonal structure
of the filter gain matrix I' ensures that there is a single centralized filter with the 6 follower
UAVs in strict formation about the leader UAV (marked as s4). Therefore, the derivative of

the Lyapunov functional (2.53) yields

E= —Q‘Aﬁler + T, (ssxX + ssyY + 5522> (2.64)

N + ...+ F7 (EexX + EEYY + 5522)

s7
where the error, the error gradients, and the Cartesian velocities are calculated at each sensor

location denoted by sl,...s7.

Consider a flying formation, where all the vehicles maintain a constant distance from the

leader UAV (denoted by s4), shown in Figure 11. In this case

Xsi = X@]
Y, =Y, i=1,..7, j=1..7, i=j (2.65)
Z.si = Z'sj

Therefore, denoting the Cartesian velocity components of the “leader” UAV by X, Y,
and Z, Eq. (2.64) is rewritten as
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Y(Flasy » + ...+ F7€€Y‘ 7) + Z(Flssz‘sl +...+ F7€€Z‘ )

s sT

and thus the desired Cartesian velocities that the UAVs must have are calculated as follows
" +...+ F755X 57)
JRSES WEE 57) (2.67)
B 4.+ F7€€Z‘ )

s7

X4 = —k, (Fleex
V'=—k, (Flssy
7" =—k, (Plssz

The error gradient at the leader sensor location can be calculated with a central difference

approach using the measurements of the followers

(el —tel) (@, L)
S T 0w T
(el —@l,) (@], -@l) ,
Ya T T ey T aal (2.68)
(e -) (@], @)
2T a2l

where dl is the distance between the leader UAV and a follower, assumed to be equal in all
the directions X, Y, and Z. The error gradients at locations sl —s3 and $5—s7 are

approximated either with the forward difference approach or with the backward difference

approach using the neighbor readings.
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3 Numerical Model

In this chapter, the numerical implementation of each of the steps in the approach is
discussed. First, the chapter provides the outline of the whole implementation procedure.
Second, the numerical solution of the advection-diffusion equation is presented; followed by
the algorithm for the computational grid adaptation. At the end of the chapter, the details for

the visualization of the UAV flight are given.

3.1 Opverall Estimation-CFD Implementation Procedure

The mathematical model described in Chapter 2 has been implemented numerically in the
3D domain as shown in Figure 12, with winds and eddy diffusivities representative of the
ambient atmosphere at the region of interest.

The UAV starts patrolling the domain of interest following a constant-climb orbit path
with predefined desired ground speed ng, course angle x” and flight path angle v* as inputs
to the dynamic model (2.42). The concentration sensors onboard the UAV record concentration
(simulated) data according to its spatial location 65 (t) . The state estimator (2.18) is activated

when concentration measurements above the sensitivity threshold of the sensors are recorded.

The concentration plume is estimated, and the UAV receives new estimator performance-based

UAYV patrols the domain of interest in a
defined trajecotry

When UAV sensors measure nonzero
concentration the estimator is turned on

&

An estimate of the concentration field is
obtained; error and error gradients at the
UAYV location are calculated

1|8

The control signals for the UAV are
processed

The UAV moves to the location of the
maximum estimation error

The UAV follows a spiral path described by
the point-mass dynamic model of a fixed-
wing aircraft

Onboard sensor modeled with a spatial
delta function

{

Luenberger observer based on the
atmospheric diffusion PDE

The Lyapunov analysis yields the desired
Cartesian velocities for the UAV, that result
in the control signals

The point-mass dynamic model of a fixed-
wing aircraft uses the control signals to
guide the UAV towards the location of the
maximum estimation error

4th order Runge-Kutta integration of the
differential dynamics equations

T

Reads numerical concentration data

J1

The estimator PDE is discretized using a
FV-TVD approach and integrated with 4™
order Runge-Kutta method

J1

the concentration error, the error gradients,

and the corresponding control signals are

calculated using algebraic operations;
]

4th order Runge-Kutta integration of the

differential dynamics equations with control
signals obeying the UAV specific
constraints

Figure 12. Real-time gaseous plume estimation approach and implementation.
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control signals (2.58) that guide the vehicle towards the areas of larger estimation error. The
transition from the approach to the mathematical modeling and finally to the implementation

procedure is shown in Figure 12.

3.2 Numerical Solution of the Advection-Diffusion Equation

The process model advection-diffusion equation (2.13) is solved numerically in order to
provide numerical data in the absence of real data using a Finite Volume Method (FVM) [64],
[66] supplemented with the Total Variation Diminishing (TVD) scheme. The estimator
equation (2.18) is solved numerically following the identical FVM-TVD procedure. We outline
below the steps in 3D following previous 2D implementation of [24], [25].

The domain under consideration € is discretized with N = N x N, x N, rectangular

finite volumes. Integrating Eq. (2.13) over the finite volume Qm« with surface area A = An

shown in Figure 13 yields

%fff<c>d9+5£F-dA:fff5dQ 3.1)
Q, A Q

The vector of fluxes F represents the total flux through the surface of the volume and is

expressed as a sum of advective and diffusive fluxes:

°
ij et
i+ 1k
.
lerd
i1k wo | ik i+1,k
® % -® P °
.‘A;
B
ij-Lk .
Y i,j,k-1

Figure 13. A finite volume at grid point (i,j,k).
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=(F L)X (B )Y+ (5 + 1)) 2 (3.2)
Based on Eq. (2.13), the advective and diffusive fluxes in X, Y, and Z directions are
calculated as follows

f)? = <C>U7 fA = <C>V7 fZA = <C>W

9e) o ) ,p dlc) (3.3)
fX Ky = ax f=—K, 9y’ fy =K, 97

Eq. (3.1) is replaced by its discrete form, where the volume integrals are expressed as the
averaged values over the cell and where the surface integral is replaced by a sum over all the

bounding faces A, I =1,...,6 of the considered volume Q]]k

6

)y 1
: + S 34
a Q7]k ZZ—I:( o o o ( )

Due to the rectilinear (Cartesian) grid, the calculation of the dot product in (3.4) simplifies

to
)y _ 1 ( FEAE WAV L FVAN CpSAS L FTAT BAB) +S. (35)
6t - Q ik~ “ijk ik = ik ik~ “ijk ik~ “igk ik~ “ijk ik~ “ijk ijk :
ik
Using Eq. (3.2), Eq. (3.5) can be rewritten as
olc)..
gk w
Ry [(f ) An = (g Al +
(£ + £ ) Al —(f+ ) A5+ (3.6)
ijk ik
A
(a2 - (5 a7 Az« s,
The diffusive flux is approximated with a central differencing at the cell interface [66]
7 B x5l <C>i+1j,k — <C>zgj,k i " ‘W <C>i7j,k _ <C>i71,]’,k
* ik Xz+1]k Xz]k L ik Xi.j.k - Xz‘fl.j.k
7 N ik Y <C>i,j+1,k <C>i7j,k 7 5 K ‘S <C>i,j7k — <C>i,j71,k (3.7)
"l ik ij+LE Y;]k O ik Yz]k Tk .
7 "kl (€ jumr =400 7 "k ‘B (g =0 jun
Z i gk g —7 7 i gk gz — 7
i,5,k+1 i,5,k i,5,k i,7,k—1

The advective term requires special attention in order to provide monotonicity, a condition

for a numerical scheme so that no new extrema be created in case of large wind speeds near
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large gradients. In previous work [23] the upwind scheme was implemented in 2D. In the 3D
implementation of this dissertation the advective flux is approximated using the total variation
diminishing (TVD) scheme [66], [67]. The algorithm is provided below for a simple case
where V =W =0 and U not zero. However, the created code assumes the possibility of
nonzero wind speeds U, V, and W. The wind speeds are implemented either as constants or as

functions of special variables according to Eq. (2.15).

il = (), .U, +%£(1c*)(<c>l+1]k e = (U ) U] E> 0

' (10U +§£<7} )( iiwTin — C>z‘+1,j7kUz'+1.,.7'.,k)’ if U‘;]k <0 (3.8)
f;‘z _ (€, U, 1]k1+%§(7“ )( Ui — c>i717j7kUi717]"k)7. > 0

’ ~<C>¢_j,kU¢,j_k 9 (TU >(<C>1 Ty <C>wkUuk)’ ik S 0

The (r) is the limiter function of the local ratio of upstream to downstream gradient 7 ; the

“+” and “-” superscripts refer to the positive or negative wind direction respectively as :

ot [<C>i,j,k - <C>i,1,j,k ) Xz‘+1.,j,k - Xi,j,k ] =

' . SN TR (O A P (1 e

= [<C>11,Jxk B <C>1'72,jk ) Xy,:]:k B Xvﬁ—l,]lk
X —-X <C>,]k — <C>FL].JC

i—1,7,k i—2,7.k

c). .. —c) . X - X
<>’+2jk <>Z+1_/k. i+1,5,k 1,7,k

X7:+2A]:k 7X7?+L_7‘,k (e >z+l]k (e >1N‘] 3.9)

- _ <C>7:+1,_7',k B <C>1:_7',k ) XLj,k Xi—lj,k
v X —X <C>1:_7-,k - <C>1’71,_7-,k

i+1,7.k 1,5,k

w )

The limiter function & (7’) is used in the TVD scheme in order to prevent discontinuities in the
obtained solution. When & (r) =1, the scheme for advection term reduces to the average of

the cell centered fluxes; when f(r) = 0, the scheme reduces to the first order upwind “donor

cell” scheme. For the proposed estimation algorithm, the limiter function is chosen as the Min-

Mod [68]

in(r,1) ifr>0
¢(r)= gﬂm(r ) :fTSO (3.10)

Assuming, U > 0, and substituting Eq. (3.7) and Eq. (3.8) into Eq. (3.6) yields
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9c), 1 1
ik __ - + _ _
ot Q. (05 + 2 5(71‘ >(<C>i+1,j,kU¢+1,j,k <C>z,j,kU¢,j,k>
_ B <C>z’+1.j,k - <C>7]k A _
gk Xz'+1.j.k - Xi.j.k no
1
[<C>i1,j,kUi1,j,k + 55 TJ)(<C>i,j,kUi,j,k - <C>i71,j,kUi71,j,k) -
(3.11)
_ w <C>i,j,k - <C>i—1,j,k A _
XX i,j,k X/L] _ X/L ljk ’L].k
‘N <C>i,j+1 k <C>l j.k AN < >l j.k <C>l J—Lk AS _
YY|; i1 L/k YY-' 0,9,k
bk Y;.j+1k Yuk bk Y; ; Y;] Lk
T <C>z kel <C>z E AT B <C>z * <C>z k-1 4B
KZZMk. Z]*_Z s AL+ KZZL.M Z] — J» At S
v i,j.k+1 i,k ' i,k i,j,k—1

The limiter function ¢ (7‘) depends on the value of concentration (c) and, therefore, varies

with time. Consequently, the terms, containing multiplication by & (r) can be considered as an

additional source term, which is referred to as the TVD deferred correction source term and

denoted by S”“. Thus, Eq. (3.11) can be rearranged to yield

8<C>i’j7k = = [a1<c>i+l.j.k + a2<c>i—1.j.k + a3<c>i.j+1.k + a’4<c>7:.;>1.k +
0t Qi].k I o W T (3.12)
DC
a5< >l JJsk+1 +a < > l,,i,k71+a0<c> } Sl JJsk + Sl g5k
where the coefficients a, i = 1,...,6 are calculated based on Eq. (3.11) as follows:
‘E w
XXV ik E XXNi 5k w
a, = — = A" oa =|-U . L A"
1 i,7,k7 2 i—1,5,k i,k
X1+17/c le,/c ’ ’ XL]]C_th/k !
s .
YYli ik N YYVi ik s
a, = ———2b7% A% q, =————7 A" (3.13)
3 i,5,k? 4 i,k ’
Y;]+1k_y;.,j,k ! Y;]k_Y;,jlk !
T B
22\ ik T 2z i,k B
a, =— : S, =—
5 i,5,k7 6 i,j,k
Zi,j,/c+1 T ik / Zi,j,k - Zz.,j,/H 7
and the coefficient a is defined as
_ E w
@Gy =—a, — @, —a, —a, —a — a4+ (U7]kAz]k B UFL]',kAi,j,k) G.14)
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The deferred correction term Sﬁ

“ results from Eq. (3.11)

o 1 |1
SULZ - _Q_ E(S(7:3+>(<C>i+l,j,kUi+l,j,k - <c>7]kU7]k>AzE]k -
i (3.15)
1 + U U A"
Eg(rw )(<C>z]k ik <C>i71,j,k i—l,j.,lc) ik
Substituting Eq. (3.7) and Eq. (3.8) into Eq. (3.6) assuming that U < 0 yields
d(c). 1 {[ 1
LA () U +=&r ) U —{c) U —
at Qi%k +1,j +1,j 2 ( )( J J +1,j +1,5 )
_ B <C>i+1.j,k - <C>7]k B
gk Xz'+1.j.k - Xi.j.k b
1 _
[<C>i,j,kUi,j,k + Eg(rw )(<C>i—l,,j,kUi—1,j,k - <C>i,j,kUi,j,k') -
(3.16)
_ w <C>i,j,k - <C>i—1,j,k A _
XX i,k Xi’j_’k _ Xiilﬁj.’k 0,7,k
‘N <C>i,j+1,k _<C>i,]‘,k N 5 <C>i,j,k _<C>i,j71,k A5
gk Y;.j+1,k ik . Tk Y;]k ik e
T <C>z ikl <C>z ik AT B <C>z ik <C>z ik—1 4B
77 ijk Z - _ - Ai,j,k’ + I(ZZL’]»JC Z - _ Z - Ai,],k + Si,.j,k
ivj k1 ik ik ijik—1

Rearranging Eq. (3.16) to the form of Eq. (3.12) results in the following coefficients

a, i=1,..,6 and a:

‘E w
XX i 5.k E XX ok w
a, = U7;+1_,]',k - X _7]X ik a, - X _ jX]v ik
i+1,5,k i,5,k i,5,k i—1,5,k
‘N S
YY; ik N YVl ik s
a, = — — e = — . (3.17)
i, j+1,k i,k i5,k i,j—1.k
T B
_ 22 i gk T _ 2215k B
@ == 7z ik’ Qg = — 7 _7 i,k
i,7,k+1 i,5,k i,j,k i,5,k—1
SN E w
a4y = =0, =0y = @3 — 4, — ;= G, +(U’+1,j,k’ ik UL,k z/k) (3.18)

The deferred correction term Qﬁc is defined as
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9 § (7’;) <<C>i,j.,kUi,j.,k - <C>z+1,j,kUi+1.,j,k> AzE/k o
F 0,010,040

Combining Eq. (3.13) and Eq. (3.17), the coefficients a, and a, are written in the general case

(3.19)

as
E
XX\
a, =|min(U.__ ,0)— Lk v
' ( Tt ) Xi+1,j.k - X”k o
w (3.20)
. XX ik w
1,5,k i—1,5,k
Combining Eq. (3.14) and (3.18), the coefficient a is written as
a, =—a, —a,—a, —a, —a — a; + 321)
(maX(U.. O)—l—min(U, . O))A,E, —(maX(U, . O)—{—min(U, 0>)AW. )
i,5,k? i+1,5,k7 1,7,k i—1,7,k? 1,7,k 1,7,k

Finally, combining Eq. (3.15) and Eq. (3.19) yields the general expression for the deferred

. DC
correction term Sijkc

Siﬁfc - _QL {[%(O‘eg (f) - (1 - O‘e) & (7"87)) (<C>i+1,j,kUi+1,j,k - <C>z’,j,kUi,j,k> AzEm

] : (3.22)
[% (a“’§ (TJ) N (1 o aw) 5 (C:)) <<C>i,j,kUi,j,k - <C>i71,j,kUz'71,j,k) A;‘;k]}

where,

o =1for U, . >0anda =lfor U_ >0
a =0for U,  <0Oanda =0for U . <O
e i+1,5,k w i—1,7,k

2

(3.23)

The advection-diffusion equation (2.13) (or the process model) is supplemented with Neumann
boundary conditions, which implies that the flux at each physical boundary is equal to some

constant value. Consider the East physical boundary ¢= N, of the domain under

consideration. The Neumann boundary condition is written in the discretized form as follows

O O
Ny+15.k Ny.j.k _ Eb (324)
X X

Ny +15k Ny .jik
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where E, are given values forall j =1,...,N, and k =1,...,N

J:k z:

Expressing (c) from Eq. (3.24) and substituting it into Eq. (3.11) results in an

Ny+1jk

additional component in the source term

E

K E A”
XX|n gk b/,k Ny.j:k

BC __
Sj.k‘ - Q
Nk

(3.25)

Substituting (c) from Eq. (3.24) into Eq. (3.16) results in an additional component

Ny+14.k

in the source term

AP
BC B Ny ik
Sch - {Eb,_k [KXX‘NXJ_k o (XNX+17,7',1< o XNXJ',k) UNX+1,j7]g]} QO : (3.26)

Nk

Therefore combining Eq. (3.25) and Eq. (3.26) yields the expression for an additional

component in the source term taking into account all possible wind directions

P Af
C . Ny.j.k
s = { E, [KXX o (X, e = X, min (UNX+1.j,ka0)]}Q—7 (3.27)
Nyojik

The volume <N T Lj k) lies beyond the scope of the domain under consideration and

its coordinate X, . canbe expressed in terms of X . asshown in Figure 14. The value
x Lk Nk
of wind speed U N+ Can be found by linear interpolation using the values of the wind speed
at XNXJ.?k and XNX_LJ.J“ :
[ @)
i 3K
o
I ® o
™~
T o0
A A
— i=1,2,...
iI=N. X i=N. X+1

Figure 14. Finite volume discretization at the boundary.
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v, .. —U

_ Nygik Ny —Ljk
UNXH.,;',k - X _X ( Ny+1,j.k XNX,j,k)+UNX,j.k (3'28)
Ny.jk Ny—1,j.k

The term Sm.’ in Eq. (3.12) is represented by a vector of N = N, x N, x N entries,

k
which are all zeros except for the single volume that corresponds to the source location O (t) .

Therefore based on Eq. (2.2),

- {0, o, (t) ¢ (ijk) (3.29)

Qu(t), ©,(t)e (i)
The numerical solution of the estimator equation (2.18) follows the same procedure as the

advection-diffusion equation with addition of the output injection term (2.19)

et
ik Qiij(<c>(t, @s) - <é>(t7®s))’ O, (t) < (Z]k)

The resulting set of N semidiscrete equations (3.12) are written in state space form as

(3.30)

follows

X (t) = Px(t)+ P, x (t) + Q(X,Y, Z)u(t) £ P, (t), (3.31)

TVD ~ T RHS

where the source term is expressed as the product of the vector ) (X Y. Z ), which represents

the location information of the source, and the source release rate u(t) The vector

x = (c) = [(c} el ]T is the vector of states that represents the concentration for each finite

volume in the computational domain 2. The mapping for the volumes is expressed as follows

n=n(ijk)=i+(j—1)N, +(k—1)N N

Xy

i=1,..,N, j=1,..,N, k=1..N, (3.32)

vy X’

xn = <C>7ij

This ordering creates matrices P and P, from Eq. (3.31) in the form
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_Pll e _PlN PTVDll e PTVDIN
nl e B’LN ) PTVDnl e PTVDnN (333)
PNl e PNN PTVDNI e PTVDNN

The matrix P is a 7 diagonals matrix that represents the finite dimensional advection

diffusion operator with entries of the coefficients a from Eq. (3.17), Eq. (3.18), Eq. (3.20),

and Eq. (3.21). The matrix P, is due to the multiplication by the limiter function.

The system of ODEs from Eq. (3.12) and Eq. (3.31) is integrated using a 4" order Runge-
Kutta method [64] as

U]

X(O) =X
_x L

X T X0 T 3 S rmso)
1

X0 = X0 = 3 A (3.34)
1

*» = X0 T3 AtPyse)

Xy = X ~ DtBppg

X(l+1) —x

(4)

The Von Neumann method [65] is used for stability analysis of the numerical scheme. In

order to do so, we consider two limiting cases for the limiter function £(r): & (r) =0 and

& (7‘) =1.At f(r) =0, i.e. in case of the first order upwind scheme for the advective flux,

E w
assuming S”k =0, and constant eddy diffusivities and wind (K XXL:,j,k =K XXL,j,k =K,,,
N S T B
KYYL’]-J“ = KYYL’]-’k =K, Kzz‘i,j’k = KZZL,]-J“ =K, . and Uw’,k - Uz;l,m =U,
VZM = WFLM = 0), Eq. (3.11) is rewritten as
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o{c) . 1
gk E
LK. AP <C>i+17j,k B <C>i,j,k . <C>zgj,k — <C>i—17j,k
XX" 7,5,k X o X X o X
i1,k ik igik i—1,5.k
(3.35)
+K AN <C>1‘.j+1.k T <C>1‘.j,k . <C>Ijk T <C>1‘.j—l.k
YY© i gk Y _ Y Y _
i1,k ivgik ivgk ij—1k
+K AT <C>i,j,k+1 B <C>z‘,j,k o <c>zgj,k B <C>i,j,k—1
ZZ" Vig.k Z o Z Z o Z
i,j,k+1 ivgk ivgk ivgik—1
In the wuniform grid, such that Xz'+17,7',k — Xz',j.,k = Xm_vk — XHM =AX,
Yi,j+1,k - Yz‘,]‘,k - Yz‘,]‘,k - Ym;l,k =AY, Zm,kﬂ - Zi,]-,k = Zlv’]-’k - Zz}j,kfl = AZ, and

Q. =AXAYAZ, A" =AYAZ, A’ =AXAZ, A’ =AXAY, Eq. (3.35) is

written as
8<C>7;jk _ - (<C>i,j,k - <C>i—1,j,k)U _|_ K <C>7;+1_’j7k - 2<C>7;_,j7k + <C>7;71_,j7k
ot AX o AX? (3.36)
+K <C>i,j+1,k B 2<C>i,j,k + <C>i,j71,k + K <C>i,j,k+1 - 2<C>i,j,k + <C>i,j,k71
YY AY? 77 AZ2

We also represent the time derivative with the first-order differencing

0le), o) =,

3.37
ot At ( )
UAt K_ At K. At K At
By defining as the CFL number 0 = —— =X 5 ="rr 5 =2z
y £ =ax AT A T Ay T A

and using Eq. (3.37), Eq. (3.36) is rewritten as

<C)i+7l,c = <C>i7k -0 (<C>i7k - <C>ifl,j7k> + ﬁx <<C>i+1,m o 2<C>i,m + <C>2717j,k) (3.38)
+5, (<C>i,j+1,k - 2<C>i7j,k + <C>i,j*1,k> + 5, (<C>i7j,k+l - 2<C>i,j7k T <C>iv.7'~,k*1> |

Substituting into the numerical scheme (3.38) a Fourier mode in the form

<c>l = V'e™ee™ | where ¢ = kAX, v =kAY, § =k,AZ, with k_, k , and k,

i,J,k

being the wave numbers defined as k, = MXW/LX, k, = MYﬂ'/Ly, andk, = MZW/LZ,
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where M , M, , and M, are numbered grid points in the X, Y, and Z directions
accordingly, yields
T - 3 - A T - 3 I(i—1)eo - 3
ViHeliegliv g0 _ ylpliv Biv 0 (/i liv o liv b0 /1, (i )weljwelke)
Ili+1)e [ y i I(i—1)q i
+ﬁx (Vle (i )‘i‘e[]l/)efké‘ _ oY leliteli e 4 1l (i )peljwezke)
(3.39)

| tig 1(i+1)v | Lip Iip Ik g 110
+BY (Vle[we( )e[ke_2vlelzpequ/elk9+vleme( )elke)

1 lip Ijyy I(k+1)0 I _lip Ijth Ik 1 lip Ijp I(k=1)0
+ﬂZ(V82Y8'7U8< ) — oV e elive -l—Ve“e”‘“e( ))

Simplifying all the terms in Eq. (3.39) by the factor e"e¢”’e™ and determining the

141
amplification factor as G = i yields
G=1—¢ (1 - e*[:p) + BX (e[:p + ef[gi) + BY (8['“/} + 871@/;) + BZ (em + eJ&) .
2B+ +6,) = (3.40)
1 —0(1 —cosp + Isingo)—i— 23, cosp + 203, costp + 23, cos ) —
~2(8, + 8, +5,)
For p=¢=0=m,
G=1-20-4(B,+8, +5,) (3.41)
and the stability condition
¢l <1 (3.42)
becomes
1
At < (3.43)
U + KXX + KYY KZZ

+
AX AX?  AY?  AZ?

For ¢y =19 =0 =0, G =1, and the stability condition is always satisfied.
At & (7’) =1, 1.e. in case of the central difference scheme for the advective flux, assuming

E

S . =0, and constant eddy diffusivities and wind (K XX‘ =K

w
i,7,k ijk XX‘

=K

ingik xxe
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T B

=K and uv =U . =U,

Z7Z° 1,7,k i—1,7,k

=K K

ik Yy? ZZL,j,k

= KZZ‘

0,7,k

=W =0), Eq. (3.11) is written as follows

ijk i—1,5.k

a<c>7jjk, 1] (<C>i+1,j.k - <C>i—1,j.k)

— UA®
ot Qi ik Xz+1 - Xifl n
LK AP ) <C>i+l,j.k T <C>z]k . <c>1]k - <C>z‘1,j.k]
xx*%ij,
’ Xi+17j,k o Xi,j,k ngj,k a Xz?l’j,k (3.44)
+K AN <C>i,j+1,k T <C>i,j,k . <C>i7j,k T <C>i,j1,k]
Yy*ligk
! Y;.j+1.k - Yz]k qu - Y;,]‘—l.k
+K AT <C>i.j,k+1 B <C>7]k . <C>1]k B <C>i.j,k1]
22 % 4k
! Zi,j7k+1 T ik Zzgj,k - Zz',j.,kfl
On the uniform grid it is written as
8<C>7;jk _ _<<C>i+l,j,k - <C>z>1,j,k>U + K <C>1:+1,j,k - 2<C>i,j,k + <C>i71,j,k
ot 2AX o AX® (3.45)
+K <C>i,j+1,k — 2<C>i,j,k + <C>i,j71,k + K <C>i,j,k+1 B 2<C>i,j,k + <C>i,j,k71
YY AY? 77 AZ2

Following now the same steps as before in Eq. (3.37), Eq. (3.38), Eq. (3.39) yields the

amplification factor

G=1- %(e“’ - e*“> + 6, (e“ + e*“> + B, (e”’ + e*”’> + 6, (e"’ + e*w> —

—2(8, + B, +8,) = (3.46)
1—olsing+ 23, cosp + 20, cosy +20, COSH—Q(ﬁX + 8, +ﬁZ>

For stability,
\G\ <1 (3.47)

Following [65] that stability condition becomes
o’ <28,

848 40 <l (3.48)
z y )

which provides the conditions on the timestep,
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2K

A
At < 1 (3.49)
KXX KYY KZZ

+
AX® AY?  AZ

The application of the TVD numerical scheme is verified with a solution for the “pure”

advection problem Eq.(2.13) with V =W =0, K., =K, =K, =0, and with an

instantaneous line source. The analytical solution for this case is given by the step function and

the comparison with the numerical TVD solution with the upwind scheme is shown in Figure
15.

3.3 Computational Grid Adaptation

The simulated (concentration) sensor data are generated by solving the advection-
diffusion equation (2.13) on a very fine, uniform grid using as inputs the source parameters
(release rate and position) and atmospheric parameters. Such a fine uniform grid would not be
applicable for the desired real-time implementation of the estimator (2.18). In previous work
[19], [24], [25] supported via FA9550-09-0469, the grid was adapted by a priori generating
several adapted grids. Each predefined grid contained an area of a refined uniform grid that
covered 25% of the area of interest, whereas the rest of the domain was covered with a coarse

uniform grid. In this dissertation in order to reduce the computational cost for the estimator

TVD
Upwind
Analytical

0.8 { '\ 0.8+

0.6

0.6 U=5m/s

04f 0.4f /

Concentration (kg/m”"3)
Concentration (kg/m”"3)

a————

Wl~ i /1 t
/ \ - Iy \
esedosssbonebrondhansd ..‘:{ A I B X«.’m e sy ..*'J‘] . ‘ R T A

0 1000 2000 3000 4000 0 1000 2000 3000 4000
Distance along X-axis (m) Distance along X-axis (m)

Figure 15. Verification of the numerical scheme.
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simulation, thus obtaining real-time data, the computational grid is adapted dynamically
throughout the process [69]. The adaptation algorithm uses the current UAV location as a
center of a refined grid with the grid size d!l in all directions. Away from the sensor, the grid
nodes are following a parabolic distribution. The resulting three-dimensional grid is shown in
Figure 16. As soon as the UAV crosses the distance of the minimum grid size d/ a new grid
is generated and the numerical solution obtained at the previous time step is interpolated to the
new grid accordingly using trilinear interpolation method [70]. The total number of nodes for
the adapted grid remains the same during this process.

For verification of the proposed grid adaptation algorithm, the numerical solution is

compared with the steady-state analytical solution of the advection-diffusion equation for a

stationary point source located at (XC, Y, Zc) with a constant release rate ¢ kg/s;

The steady state solution i.e. % = 0 results in the well-known Gaussian plume formula

which for a stationary source is given as [48], [49]

(e)X,Y,Z) = d X
4:ﬂ-(I(XX‘I:{YYI(ZZ>

X—X)2 (Y—Y)2 (Z—Z)2 v (X -x)

exp i— U1/2 ( “+ “—+ - — 3,50
2KXX KXX KYY KZZ KXX (3.50)
2 2 2 1/2
(x-x] (yv) (7-2)
KXX KYY KZZ

T
22T
<> LEFET>
SN e
e o Vil T I
= ==

Figure 16. Adapted nonuniform computational grid.
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The steady-state numerical solution is achieved at time ¢ > Tk provided that the system is

advection dominated. Numerical and analytical solutions are compared in Figure 17: to the left
is the concentration profile obtained on the uniform grid and to the right is the concentration
profile obtained on the nonuniform adapted grid. The domain under consideration €2 has
dimensions 4 km x4 km x1 km. The number of control volumes in the uniform grid is

N =160 x 160 x 40 . The number of control volumes in the adapted grid is NV = 40 x 40 x 10

with the smallest grid size h = 12.5 m and the effective grid size (average between the
maximum and minimum grid sizes) h_ s = 100 m . The results are shown at time ¢ = 10 min.

The accuracy of the numerical method is based on the spatial error norm [71], [72] given
by

o | —

N al Caussian |2
numerica aussian
> [femr e
_ \n=1
E - H<C>Gaussmn

(3.51)

(2)

The log-log plot in Figure 18 shows the relative error (3.51) as a function of characteristic
mesh size. Five grid levels are considered for the uniform grid (shown in blue in Figure 18),
with A = 200, 100, 50, 25, and 12.5 m. The effective grid size for nonuniform grid (shown
in red in Figure 18) ranges from 25 m up to 200 m, with the smallest grid size A = 12.5 m.
The analysis shows higher accuracy of the non-uniform adapted grid at larger characteristic

Numerical solution
Analytical solution (Gaussian plume)

- 0.00012
SE-05 | i
i 0.0001 |
S 4E-05F [ a I
E i g & SE-05F |
g I ; Ej
= 3E-05| = i |
S - ! S 6E-05 1
5 i i g i \
g o { g i ,
g 2E-0ap { g 4p-05f 1l
) o - \
Q i ’; & I *
o :_ k 2E-05 ; .;\
i i N,
foy - I ; ll SRR R S 0’ R _L RN hra et 1
0 1000 2000 3000 4000 0 1000 2000 3000 4000
X (m) X (m)

Figure 17. Grid adaptation verification: numerical solution vs. analytical formula.
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Figure 18. Relative error as a function of characteristic mesh size.
mesh sizes. The larger is the characteristic mesh size, the smaller is the number of control
volumes N to be used. Smaller N results in the faster implementation of the numerical
scheme. Therefore, the use of the grid adaptation is beneficial and maintains the required
accuracy of the estimation provided that the number of control volumes is limited due to the

necessity to implement on-line computations.

3.4 Numerical Simulation of UAV Dynamics and Guidance

The UAV state vector follows Eq. (2.42) and is

T
p(t)z[X Y Z 0V, v x (3.52)
The commanded input vector follows Eq. (2.58) and is
T
u=l¢ C, T (3.53)

In order to integrate in time numerically the state vector, given the vector of commands,

it is necessary to calculate all the values used in the dynamic model (2.42). Given the values
for the ground speed Vg, course angle y and flight path angle « at the current time step, the
airspeed magnitude V can be expressed from Eq. (2.33). The heading angle 1 is then
calculated using Eq. (2.34) and Eq. (2.35). Finally, the system of ODEs (2.42), that can be

written in the vector form as
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p=f(t), (3.54)
supplemented with Eq. (2.43) and Eq. (2.44) is integrated using 4™ order Runge-Kutta method

to yield the new state vector:

At
Py = P+ (B 26, + 2%, + 1) (3.55)
where
k= f(tk)

At

i Uy
(3.56)

At

=i+

k, = f(t, +At)

For the flight visualization, the Euler angles 6 and v should be calculated in addition to
bank angle ¢, which is a given control input. To calculate the heading angle 1/, the same steps
are implemented as before, i.e. the airspeed magnitude V and the air-mass-referenced flight
path angle ~ are recalculated using Eq. (2.33) and Eq. (2.34) accordingly to be used in Eq.

(2.35) The pitch angle 6 results from Eq. (2.30), where the angle of attack « is calculated
based on the control input C, and Eq. (2.45).
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4 Summary of Simulation Results

4.1 Simulation Parameters

The approach presented is applied to gas releases in the atmosphere under conditions
specified in Table 1 for a stationary source and a moving aerial source.

The UAYV is modeled using physical parameters for the Aerosonde® UAV shown in Table
2 [45] and summarized below.

The domain under consideration has dimensions §2 = 4km x4km x1km. The
advection-diffusion equation (2.13) is discretized with N = 200 x 200 x 50 finite volumes.
The number of finite volumes for the discretization of the estimator (2.18) is
N =80 %80 x20 with the minimum grid size dl = 20 m . The sensor is assumed to provide

noiseless measurements with the time response of 1.5-2 seconds and concentration range
[10*10,1} ke/m>.

Table 1. Atmospheric parameters

Parameter Value Parameter Value
Density p 1.2922 kg/m? Eddy diffusivity Kxx 20 m%/s
Wind speed U [7,9] m/s Eddy diffusivity Kyy 20 m%/s
Wind speed V 0 m/s Eddy diffusivity Kzz 10 m%/s
Wind speed W 0 m/s

Table 2 UAYV Specifications.

Parameter Value Parameter Value

Mass M 13.5kg Oswald efficiency factor e 0.9

Planform area S 0.55 m? Parasitic drag coefficient ¢ 0.0437

Wingspan b 2.8956 m Lift coefficient in stall Q’ 1.632

Cruise speed 25-30 m/s Maximum thrust T max 50N

Maximum speed 33 m/s Maximum bank gbm 30°
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4.2 Aerosonde® UAV
The Aerosonde UAV shown in Figure 19 has a wingspan of 2.9 m and weight of 13-15

kg. It is powered by 24cc fuel injected, premium unleaded gasoline. The cruise speed ranges
from 20 to 40 m/s. The maximum flight duration is about 30 hours with the distance
approximately 3,000 km. The maximum altitude ranges from 0.1 to 6 km depending on
payload. The payload is up to 2 kg. The Aerosonde UAV is navigated by GPS and
communicates via UHF radio or LEO satellite. One distinguishing feature of the Aerosonde
UAV is the rear propeller, which allows for atmospheric measurements before air is disturbed
by propeller.

The advantages of the Aerosonde UAV for our application are the following: it was
designed specifically with scientific research applications in mind: data is high in quality as a
result and all parameters related to the UAV are under control by the user; the relatively slow
speed of the Aerosonde (20 to 40 m/s) allows instruments onboard to collect data at a great
sampling rate; it is able to fly very close to the surface thus collecting very high resolution
data.

Among the disadvantages the most crucial are the following: the total payload when fully
fueled is only 2 kg, limiting the weight of instruments the Aerosonde can carry; the Aerosonde
does not have the capability to detect other UAVs, aircrafts, or other obstructions in order to

avoid them.

Figure 19. Aerosonde® UAYV [45]. Copyright 2002, John Maurer jmaurer @ hawaii.edu
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The Aerosonde® UAV finds many applications such as validation of satellite-derived
products: e.g. passive microwave sea ice concentrations and sea surface temperatures; support
of in situ data collection efforts; imaging of sea ice in polar regions where conditions are
hazardous; studying conditions leading to icing of an aircraft body during ~0°C temperatures
and high humidity; development of technologies to prevent these conditions on aircraft
carrying and being flown by humans (icing can potentially cause an airplane to stop
functioning while in flight); atmospheric profiling and flux studies; mapping sea surface
temperature at high resolutions using an infrared thermometer. In addition, micro-SAR can see
through clouds and in the dark, thus being a good tool for mapping sea ice in polar regions at
very a high resolution (~1-2 meters). The laser altimeter is used for producing highly detailed
digital elevation models, which can be applied, for example, to study the mass balance of
Greenland. Meteorological data can be collected for weather prediction and weather studies.

Heavy storms can be flown into for these purposes as well, even into hurricanes.

4.3 Single Sensor

4.3.1 Stationary Source
A stationary gas source is placed inside the domain at a point with coordinates

©, (t) =0 = (1.2km, 2km, 0.5 km) releasing material continuously with « =1 kg/s. The
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Figure 20. UAY trajectory for stationary source.
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UAV, having no information about the source location and strength, starts patrolling the

domain at a point with coordinates © (O) = (2.8km, 0.8km, 0.2 km), following a constant-

climb orbit path with flight path angle v = 3° and orbit radius equal to 0.4 km. After

approximately 280 seconds of simulation, the sensor detects a nonzero concentration, which
results in the activation of the estimation algorithm and thus switches the control of the UAV.
Since a nonzero concentration is detected, the UAV receives the control signals resulted from
the desired ground speed components (Eq. (2.58)), which guide the UAV towards areas of
larger estimation error. In the case of continuous gas release with constant release rate, this
area contains the source location. Figure 20 illustrates the resulting UAV path in horizontal
plane, vertical plane, and in three-dimensional view. Because of the physical constraints
imposed on the UAV motion and the presence of a strong wind from west to east, the UAV
may leave the source’s proximity and detect zero concentration. If the sensor reads zero
measurements after the estimator activation, the UAV is driven towards the point of maximum
estimated concentration provided by Eq. (2.18). Figure 5 shows the resulting trajectory
adjustment due to this condition in the source’s proximity.

The performance of the estimator is examined by calculating the RMS error of the
estimated concentration vector. Although the source localization is not the primary goal of the

present work, the fact that the guidance scheme moves the UAV towards the location of the
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Figure 21. Estimator performance analysis for a stationary source. (Left) the RMS error vs. time;
(right) distance between UAYV and source.
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Figure 22. Comparison between estimated plume concentration (left) and simulated concentration
(right) for a stationary aerial source at various times.

continuously-releasing source proves that the control signals indeed guide the sensor towards
the area of larger estimation error. Therefore, every time the UAV sensor takes a measurement,
the estimator provides a more accurate reconstruction of the gaseous plume. The RMS
concentration error is shown in Figure 21 (left) as a function of time and the evolution of
distance between the source and the UAV is shown in Figure 21 (right). Oscillations in the
RMS error are due to the time that the UAV takes to reach the next desired location and the
sensor time response. Spikes at the end of both plots in Figure 21 are due to the UAV looping

in the source’s proximity.
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Figure 24. Estimator performance for a moving; (Left) RMS error vs. time; (Right) distance
between the UAYV and the source.

The estimated concentration of the gaseous plume is compared with the simulated data
and presented in Figure 22 for different time instances. It is seen that by the end of the

simulation time the shape of the estimated plume becomes closer to the shape of the “real”

plume.
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Figure 23. UAYV trajectory for a source moving along an arc trajectory.
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4.3.2 Source Moving along an Arc Trajectory

In this application, the gas source is moving along an arc trajectory maintaining a constant

altitude with the rate of release © =1 kg/s. The UAV starts patrolling the domain at a point

with coordinates © (0) = (3.2km,2.0 km, 0.2 km)following the constant-climb orbit path

with the flight path angle v = 3° and the orbit radius equal to 0.4 km. The activation of the

Figure 25. Comparison between estimated plume concentration (left) and simulated concentration
(right) for a source moving along an arc trajectory.
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estimator occurs after 190 seconds of simulation, when the sensor detects a nonzero
concentration. The total simulation time is 420 seconds.

Figure 23 shows the resulting UAV trajectory. It is seen that the UAV is able to reproduce
approximately the source’s trajectory. However, it stays at some distance to the east of the
source, which is explained by the wind direction. The evolution of the RMS concentration error
and the distance between the UAV and the source are shown in Figure 24. In this case, the
UAV follows the source and after detecting a concentration with its sensor, the distance
between the UAV and the source decreases until the end of the simulation process.

Figure 25 compares the estimated concentration of the gaseous plume to the simulated
data (plant) at different time instances. Once again, it is observed that by the end of the
simulation time the shape of the estimated plume becomes closer to the shape of the “real”

plume.

4.3.3 Source Moving across the Domain with Altering Altitude

In this application, the gas source is moving across the domain, with its altitude changing
as a sine function. The rate of release u =1 kg/s. Unlike previously considered examples

(where the wind speed was taken to be 7 m/s), the wind speed for this case is 9 m/s. The UAV

starts patrolling the domain at a point with coordinates © (0) = (2.4km,2.8 km, 0.2 km)
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Figure 26. UAYV trajectory for a source moving across the domain.
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Figure 27. Estimator performance analysis for a source moving across the domain. (Left) the RMS
error vs. time; (right) distance between UAV and source.

following the constant-climb orbit path with the flight path angle v = 3° and the orbit radius
equal to 0.4 km. It takes approximately 140 seconds for the sensor to detect a concentration
above the threshold. The total simulation time in this case is 480 seconds.

Figure 26 shows the resulting UAV trajectory. The UAV is able to follow the source.
However, at the end of the simulation time it tends to move upwind (recall that the wind speed
is 9 m/s, whereas the Aerosonde® UAV cruise speed is about 30 m/s). The estimator
performance analysis is presented in Figure 27. As time increases, the RMS error decreases,
which is indicative of convergence of the proposed approach. For a couple of moments during
the simulation time, the distance between the sensor and the source comes to zero. This requires
additional algorithms for collision avoidance.

3

Figure 28 presents visualization of the “real” and estimated plumes for several time

moments.
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Figure 28. Comparison between estimated plume concentration (left) and simulated concentration
(right) for a source moving across the domain.

4.3.4 Ground-Based Source

In this application the real-time prediction of gas contaminant concentration from a ground
intruder using UAV is examined. In this case the computational domain considered has

dimensions different from the other tested scenarios and equal to 3000m x 3000m x 600m .

The wind speed is calculated according to Eq. (2.15) with Z =5m and m = 0.15;

V =W = 0. The estimator is approximated with N = 30 x 30 x40 volumes, so that the
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computational grid is adapted only in the X and Y directions and remains uniform in the Z
direction. The minimum grid size in the adapted grid is dl = 15 m. The sensor is assumed to
provide noiseless measurements with 1 second time response.

In the examined scenario, the intruder is moving across the domain from the North-West
to the South-East corner, releasing gas with a rate of 1 kg/s. The UAV starts patrolling the
domain downwind following a circular path of 400 m radius, at an altitude of 120 m. It takes
approximately 190 seconds for the plume to reach the sensor. After that, the UAV receives the
control signals to follow the desired Cartesian velocities (2.55). The UAV can fly as low as 10
m. If at any moment after the activation of the estimator, the sensor has a zero reading, it means
that the UAV moved upwind and lost the plume. In this case, the guidance scheme is adjusted
so that the sensor follows the maximum estimated concentration, thus returning to an area of
nonzero concentration measurements. Figure 31 shows the resulting UAV trajectory. As it is
seen, the UAV is moving towards the intruder with oscillations caused by the wind direction,
the sensor time response, and the time required for the UAV to complete a maneuver. The
loops in the trajectory are due to the fact that the sensor leaves the plume moving upwind and

it takes several time iterations to return it back to the source’s proximity.
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Figure 29. UAYV trajectory: red line — UAYV path; green line — intruder.
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Figure 30. Distance between the sensor and the source vs. time.

The estimator performance is quantified by the behavior of the normalized RMS error,
which measures the difference between the estimated and true concentration field, and the
distance between the sensor and the intruder. Figure 31 shows the normalized RMS error as a

function of time. As it is observed, the RMS drops rapidly after the estimator activation and

Figure 31. Normalized root-mean-square error vs. time.
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Figure 32. Evolution of the estimated plume from 240s to 480s with 80s increments.

stays on average within 10%. The oscillations are due to the fact that the source is releasing
material continuously. The spikes around 360s, 400s and 460s are explained by the fact that
the UAV loses the source’s proximity, and it takes several seconds for it to relocate the plume.

Figure 30 shows the distance between the sensor and the source as a function of time. It is seen
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that the sensor approaches the gaseous source, which proves that the proposed guidance
scheme indeed moves the UAV towards the larger estimation error that coincides with the
source location in the case of continuous release.

Figure 32 shows the real-time estimates of gas concentration from a ground mobile

source.

4.4 Multiple Sensors

For the “practical” application of the suggested estimation approach the concentration
gradients are estimated using multiple sensor readings. In Section 2.4.6 we suggest to take
advantage of the additional measurements and to include them into the estimator (2.18). The
performance of the estimation algorithm is tested numerically for this case. The sensors are
assumed to be attached to different UAVs that maintain a rigid formation during the whole
simulation time. The distance d/ between the leader UAV and a follower is equal in all the
directions X, Y, and Z, and is dictated by the numerical resolution of the process model

equation (2.13). However, in a real life situation, such parameter would be chosen based on
the advection length-scale o = Ut and diffusion length-scale o, = v Kt in order to give the

meaningful gradient.
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Figure 33. Comparison of the trajectory in case of the concentration estimation with a single sensor
and with multiple sensors.
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Figure 34. The normalized concentration error versus time for the case of a single sensor and the
case of multiple sensors.

In the first considered case the source is moving across the domain. The wind speed is 9
m/s, the total simulation time is 360 seconds. The results are shown in comparison with the
single sensor case, provided that a single sensor has full knowledge of concentration and
concentration gradients at its location.

Figure 33 shows the resulting trajectory for a single sensor and the sensor formation. In
the first case, the trajectory results from the guidance scheme (2.55), and in the second case it
results from Eq. (2.67) with constant I'’s. It is seen that the flying formation is more successful
in chasing the source by the end of the simulation time. The corresponding distance between
the sensor and the source is shown in Figure 35.

The concentration error normalized by the total amount of material released is shown in
Figure 34. Specifically, the last minute of the simulation is zoomed in order to clearly show
the oscillations. It is seen that the oscillations are smaller in case of multiple sensors.

Another example is considered for application of the multiple sensors. In this case, the
source is moving along an arc trajectory, similar to Section 4.3.2. The simulation time in this

case is 420 seconds. The trajectory and the corresponding distance between the sensor and
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Figure 35. The distance between the sensor and source versus time for the case of a single sensor
and the case of multiple sensors.

source for this case is shown in Figure 37 and Figure 36 accordingly. Similar to the previous
example, the flight formation improves the estimation approach by the end of the simulation

time as compared to a single sensor.
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Figure 36. The distance between the sensor and source versus time for the case of a single sensor
and the case of multiple sensors; the source is moving along an arc trajectory.
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Figure 37. Comparison of the trajectory in case of the concentration estimation with a single sensor
and with multiple sensors; the source is moving along an arc trajectory.
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5. Overview and Conclusions

5.1 Overview

This work expanded the earlier work [18], [19], [20], [21], [22], [23], [24], [25] supported
by FA9550-09-0469 on a coupled CFD-control approach that provides the real-time estimate
of a gaseous plume in the atmosphere presented by an UAV equipped with sensors. These
developments involve the mathematical model, the computational model and the applications,
and have been presented also in [39], [40], [41], [42]. The mathematical model for the process
of gas release was extended to a 3D unsteady advection-diffusion equation and it was
implemented numerically using a finite volume method. The numerical implementation was
supplemented with a total variation diminishing scheme for the advection term. The numerical
code created in Fortran 90 considers different source trajectories and release types (pulsed or
continuous), and different models for winds and eddy diffusivities. The sensor model was
expanded to a 3D case and implemented given a specific response time and sensitivity range.
A 3D dynamical model for the UAV was developed and implemented in the code. The
guidance law based on the Lyapunov redesign methods was modified in such a way, that the
Lyapunov function resulted in the desired direction for the vehicle. A lower-level controller in
turn provided the UAV with the inputs that a pilot commonly controls: thrust, lift, and bank
angle. For the purpose of numerical efficiency in the real-time tracking problem, the algorithm
for the computational grid adaptation was developed. According to this algorithm, the
computational grid is adapted continuously, thus keeping an area of high resolution near the
sensor. The desired direction, namely Cartesian velocity components for the UAV, was
expressed in terms of the concentration error gradient. The concentration error gradient was
calculated using multiple concentration sensors, which were assumed to be attached to
different vehicles that maintain a rigid flying formation around a leader-UAV. The
measurements from additional sensors were included in a 3D estimator model via the use of
the observation operator given by the 7-dimensional vector. The approach was tested as applied
to different source trajectories using physical parameters of the Aerosonde® UAV. The
applications included detection of a ground-based intruder, and an aerial source. In addition,
the case of a flying formation for estimation of the concentration plume as well as the source

proximity was examined.
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Figure 38 shows the main steps of the approach implementation. The plume is assumed to
be generated by a moving aerial source with unknown strength and location, and is modeled
by the unsteady advection-diffusion equation with winds and eddy diffusivities. The UAV
equipped with concentration sensors patrols the domain and collects sensor readings. As soon
as the sensor reads the data above a certain threshold, the estimator is activated. The estimated
concentration results from the numerical solution of the advection-diffusion equation
supplemented with the concentration sensor readings. The approach couples the UAV
guidance with the performance of the estimator through the state (concentration) estimation
error. Via the appropriate choice of the Lyapunov function for the resulting state estimation
error the estimation scheme provides the desired Cartesian velocities of the UAV. A lower-
level controller in turn accepts these desired velocities as reference inputs and provides the
control signals to the UAV in order to follow the desired velocities. As a result, the UAV
moves towards the areas with the maximum estimation error. The finite-volume discretization
of the estimator incorporates a second-order total variation diminishing scheme (TVD) for the
advection term. To achieve greater computational efficiency, the computational grid for the

estimator is adapted dynamically with local grid-refinement centered at the UAV location.
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Figure 38.Flow chart of the approach.
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5.2 Conclusions

The mathematical model for the advection-diffusion equation, for the point-sensor
measurements, as well as for the Luenberger observer estimator was expanded to a 3D case.
The 3D dynamical model was developed for the UAV. The guidance law for the UAV was
modified in order to provide the control inputs in terms of the values that a pilot commonly
controls: engine thrust, lift, and bank angle. The gradient measurement issue was addressed by
using multiple sensors. The estimator was modified to include multiple sensor readings.
Numerically, the discretization of the advection-diffusion equation was improved by adding
total variation diminishing scheme for the advection term. In addition, the equation was solved
using more sophisticated computational grid adaptation approach. The computational grid was
adapted continuously during the simulation time to provide higher resolution near the sensor
location. The 3D UAV dynamical model was implemented numerically, and the aircraft
response to the control inputs based on the estimator performance was visualized. The
approach was tested using physical parameters of the Aerosonde® UAV for different source

trajectories and atmospheric conditions.

63

DISTRIBUTION A: Distribution approved for public release.



6. Personnel Supported

The following personnel were partially supported during the period of performance of
this grant. The educational status at the time of their support as well as their current position

1s also indicated.
1. Dr. M.A. Demetriou, PI, Professor of Mechanical Engineering.
2. Dr. N.A. Gatsonis, co-PI, Professor of Mechanical Engineering.

3. Tatiana Egorova, Ph.D. student, Graduate Research Assistant (supported 07/12 -
01/16)

4. Sergey Averkin, Ph.D. student, Graduate Research Assistant (supported 06/14-
11/14)

5. Ye, Lu, MS student, Graduate Research Assistant (supported 11/14-12/14)

6. Xin Tian, Ph.D. student, Graduate Research Assistant (supported 02/16-03/16)
7. Tatiana Egorova, Post Doctoral Associate (partially supported 02/16-03/16)

8. Jun Yang, Post Doctoral Associate (partially supported 11/13-12/13)

9. Ye Lu, Undergraduate researcher (partially supported 06/13-07/13)

10. Ioannis Skourtis, Undergraduate researcher (partially supported 08/15)

11. Michael Barney, Undergraduate researcher (partially supported 08/15)

7. Publications

The following publications acknowledge support by this grant.

1. Journal and Conference Proceedings
1) TEstimation of a Gaseous Plume Concentration with an Unmanned Aerial
Vehicle", T. Egorova, N. A. Gatsonis and M. A. Demetriou, in AIAA Journal of
Guidance, Control, and Dynamics, vol. 39, pp. 1314-132, 2016.

64

DISTRIBUTION A: Distribution approved for public release.



i1) " Estimation of a gaseous release into the atmosphere using a formation of UAVs",
Michael A. Demetriou, Tatiana Egorova, and Nikolaos Gatsonis , Proc. of the 10th
IFAC Symposium on Nonlinear Control Systems, Monterey, California, USA,
August 23-25, 2016.

iii) " Estimation of Gas Concentration from a Moving Source with an Unmanned
Aerial Vehicle", Tatiana Egorova, Nikolaos A. Gatsonis and Michael A.
Demetriou, Proc. of the 54th AIAA Aerospace Sciences Meeting, AIAA Science
and Technology Forum and Exposition 2016, Manchester Grand Hyatt, San Diego,
California, January 48, 2016.

iv) “"Estimation of a gaseous release into the atmosphere using an unmanned aerial
vehicle", Tatiana Egorova, Michael A. Demetriou, and Nikolaos A. Gatsonis,
Proceedings of the European Control Conference, Linz, Austria, July 15-17, 2015.

v) “"Real-time Prediction of Gas Contaminant Concentration from a Ground Intruder
using a UAV", Nikolaos A. Gatsonis Michael A. Demetriou and Tatiana Egorova,
Proceedings of the IEEE Symposium on Technologies for Homeland Security,
Waltham, MA, USA, April 14-16, 2015.

vi) A Controls-CFD approach for estimation of concentration from a moving aerial
source: comparisons between switched and dynamically adapted grids in 2D",
Nikolaos A. Gatsonis, Michael A. Demetriou and Tatiana Egorova, Proc. of the
21st Mediterranean Conference on Control and Automation, MED’13 Chania,
Crete, Greece on June 25-28, 2013.

vii) “"Domain decomposition methods in the distributed estimation of spatially
distributed processes with mobile sensors", Michael A. Demetriou, Proc. of the
2016 American Control Conference, Boston Marriott Copley Place, Boston, USA
July 6-8, 2016.

viii) T Gain adaptation and sensor guidance of diffusion PDEs using on-line
approximation of optimal feedback kernels", Michael A. Demetriou, Proc. of the
2016 American Control Conference, Boston Marriott Copley Place, Boston, USA
July 6-8, 2016.

ix) “"Energy-based schemes for the guidance of mobile actuator/sensor pairs in the
control of first order infinite dimensional systems", Michael A. Demetriou,
Proceedings of the European Control Conference, Linz, Austria, July 15-17, 2015.

x)  Gradient-ascent schemes for the guidance of mobile sensors used in the estimation
of spatially distributed systems", Michael A. Demetriou, Proceedings of the
American Control Conference, Chicago, IL, USA, July 13, 2015.

xi) ““Adaptive consensus filters of spatially distributed systems with limited
connectivity", Michael A. Demetriou, Proc. of the 52nd IEEE Conference on
Decision and Control, Florence, Italy, December 10-13, 2013.

xii) "Consensus of spatially distributed filters using mobile sensor networks with
limited connectivity", Michael A. Demetriou, Proc. of the American Control
Conference, Washington, DC, USA, June 17-19, 2013.

2. Dissertations
(a) T. Egorova, ““Real-time estimation of gas concentration released from a
moving source using an unmanned vehicle", Ph.D. Dissertation, August

2015.

65

DISTRIBUTION A: Distribution approved for public release.



References

[1] Kibler, J. F., and Suttles, J. T., “Air pollution model parameter estimation using

simulated LIDAR data.” AIAA Journal, 1977, Vol. 15, No. 10, pp. 1381-1384.

[2] Hogan, W. R., Cooper, G. F., Wagner, M. M., and Wallstrom, G. L., “An inverted
Gaussian plume model for estimating the location and amount of release of
airborne agents from downwind atmospheric concentrations,” Pittsburgh, PA:
RODS Laboratory Technical Report, 2005.

[3] Fox, E. B., Fisher, J. W., and Willsky, A. S., “Detection and localization of
material releases with sparse sensor configurations,” IEEE Transactions on Signal
Processing, 2007, Vol. 55, No. 5, pp. 1886-1898.

[4] Zhao, T., and Nehorai, A., “Distributed sequential Bayesian estimation of a
diffusive source in wireless sensor networks,” IEEE Transactions on Signal
Processing, 2007, Vol 55, No. 4, pp. 1511-1524.

[5] Porat, B., and Nehorai, A., “Localizing vapor-emitting sources by moving
sensors,” IEEE Transactions on Signal Processing, 1996, Vol. 44, No. 4, pp. 1018-
1021.

[6] Tzanos, P., and Zefran, M., “Locating a circular biochemical source: Modeling and
control,” IEEE International Conference on Robotics and Automation, 2007.

[7] Fukazawa, Y., and Ishida, H., “Estimating gas-source location in outdoor
environment using mobile robot equipped with gas sensors and anemometer,”
IEEE Sensors, 2009.

[8] Lilienthal, A. J., Reggente, M., Trincavelli, M., Blanco, J., and Gonzalez, J., “A
statistical approach to gas distribution modelling with mobile robots-the kernel
dm+ v algorithm,” IROS 2009, IEEE/RSJ International Conference on Intelligent
Robots and Systems, 2009, pp. 570-576.

[9] Hernandez, B. V., Schaffernicht, E., Pomareda, V., Lilienthal, A. J., Marco, S., and
Trincavelli, M., “Combining Non Selective Gas Sensors on a Mobile Robot for
Identification and Mapping of Multiple Chemical Compounds,” IEEE Sensors,
2014, Vol. 14, No. 9, pp. 17331-17352.

66

DISTRIBUTION A: Distribution approved for public release.



[10] Pisano, W. J., and Lawrence, D. A., “Data Dependant Motion Planning for UAV
Plume Localization,” Proceedings of the AIAA Guidance, Navigation and Control
Conference, 20-23 August 2007, South Carolina.

[11] Kuroki, Y., Young, G. S., and Haupt, S. E., “UAV navigation by an expert system
for contaminant mapping with a genetic algorithm.” Expert Systems with
Applications, 2010, Vol. 37, No. 6, pp. 4687-4697.

[12] Bays, M. J., and Kochersberger K. B., “Tracking of a Plume Source using a priori
Models and Nonlinear Filtering,” Proceedings of the AIAA Infotech@ Aerospace,
20-22 April 2010, Atlanta, Georgia.

[13] Towler, J., Krawiec, B., and Kochersberger, K., “Radiation Mapping in Post-
Disaster Environments Using an Autonomous Helicopter,” Remote Sensing, 2012,
Vol. 4, No. 7, pp. 1995-2015.

[14] Neumann, P. P., Hernandez, B. V., Lilienthal, A. J., Bartholmai, M., and Schiller,
J. H., “Gas source localization with a micro-drone using bio-inspired and particle
filter-based algorithms,” Advanced Robotics, 2013, Vol. 27, No. 9, pp. 725-738.

[15] Neumann, P. P., Schniirmacher, M., Bennetts, V. H., Lilienthal, A. J., Bartholmai,
M., and Schiller, J. H., “A Probabilistic Gas Patch Path Prediction Approach for
Airborne Gas Source Localization in Non-Uniform Wind Fields,” Sensor Letters,
2014, Vol. 12, No. 6-7, pp. 1113-1118.

[16] Apker, T. B., and Potter, M. A., “An artificial physics approach to plume
detection with fixed wing UAVSs,” Proceedings of the AIAA Guidance, Navigation
and Control Conference, 2011.

[17] Smidl, V., and Hofman, R., “Tracking of atmospheric release of pollution using
unmanned aerial vehicles,” Atmospheric Environment, 67, 2013, pp. 425-436.
[18] Demetriou, M. A., and Gatsonis, N. A., “Scheduling of static sensor networks

and management of mobile sensor networks for the detection and containment of
moving sources in spatially distributed processes,” Proceedings of the 17th
Mediterranean Conference on Control and Automation, IEEE, 2009, pp. 187-192.
[19] Demetriou, M. A., Gatsonis, N. A., and Court, J. R., “Model-based detection of a

moving gaseous source in a 2D spatial domain using a sensor-based grid

67

DISTRIBUTION A: Distribution approved for public release.



adaptation approach,” Proceedings of the American Control Conference, IEEE,
2011 pp. 2374-2380.

[20] Demetriou, M., Gatsonis, N., and Court, J. R., “Numerical investigation of the
spatial estimation error in sensor guidance used for the localization of a gaseous
source in a 2D domain,” Proceedings of the 19th Mediterranean Conference on
Control and Automation, IEEE, 2011, pp. 1386-1391.

[21] Demetriou, M., Gatsonis, N., and Court, J. R., “Lyapunov based guidance of a
mobile sensing agent for state estimation of a gaseous source in a 3D spatial
domain,” Proceedings of the 50" European Control Conference in Decision and
Control, IEEE, 2011, pp. 1986-1992.

[22] Court, J. R., Demetriou, M. A., and Gatsonis, N. A., “Spatial gradient
measurement through length scale estimation for the tracking of a gaseous source,”
Proceedings of the American Control Conference, IEEE, 2012, pp. 2984-2989.

[23] Demetriou, M., Gatsonis, N., and Court, J. R., “Numerical studies of
concentration estimation and source tracking of a gaseous source using multiple
mobile distributed sensors,” Proceedings of the 20th Mediterranean Conference
on Control and Automation, IEEE, 2012, pp. 1055-1060.

[24] Court, J. R., (2012). Estimation of the Concentration from a Moving Gaseous
Source in the Atmosphere Using a Guided Sensing Aerial Vehicle (Doctoral
dissertation), retrieved from Electronic Theses and Dissertations, WPL

[25] Demetriou, M. A., Gatsonis, N. A., and Court, J. R., “Coupled Controls-
Computational Fluids Approach for the Estimation of the Concentration from a
Moving Gaseous Source in a 2-D Domain with a Lyapunov-Guided Sensing Aerial
Vehicle,” IEEE Transactions on Control Systems Technology, Vol. 22, No. 3, pp.
853-867, 2014.

[26] Butkovskii, A. G., Darinskii, Y. V., and Pustyl'nikov, L. M., “Control of
distributed systems by displacement of the source,” Automatika i Telemekhanika
(5), 11, 1974.

[27] Butkovskii, A. G., “Theory of mobile control,” Automation and Remote Control,
40(6), pp. 804-813, 1979.

68

DISTRIBUTION A: Distribution approved for public release.



[28] Butkovskii, A. G., Ibragimov, S. I., and Chubarov, E. P., “Control of distributed
systems by changing the shape of the source,” Automation and Remote Control,
40(12), pp. 1719-1728, 1979.

[29] Butkovskii, A. G.; Pustyl'nikov, L. M. Teopus noodsusxcrnozo ynpaeienus
cucmemamu ¢ pacnpeoenennvimu napamempamu (Russian) [Theory of moving
control of systems with distributed parameters], Teoperudeckue (OCHOBBI
Texuuueckoit Kubepneruxu. [Series in Theoretical Foundations of Engineering
Cybernetics], Nauka, Moscow, 1980. 384 pages

[30] Butkovskii, A. G., Pustylnikova, E., “Theory of mobile control of distributed
parameter-systems,”. Automation and Remote Control, 41(6), pp. 741-747, 1980.

[31] Rafajtowicz, E., “Optimum choice of moving sensor trajectories for distributed-
parameter system identification,” International Journal of Control, 43(5), pp.
1441-1451, 1986.

[32] Ucinski, D., “Sensor network scheduling for identification of spatially distributed
processes,” International Journal of Applied Mathematics and Computer Science,
22(1), pp. 25-40, 2012.

[33] Ucinski, D., “An optimal scanning sensor activation policy for parameter
estimation of distributed systems,” Model Based Parameter Estimation, pp. 89-
124, Springer Berlin Heidelberg, 2013.

[34] Ucinski, D., Korbicz, J., “Optimal sensor allocation for parameter estimation in
distributed systems,” Journal of Inverse and Ill-Posed Problems, 9(3), pp. 301-
318, 2001.

[35] Ucinski, D., Optimal measurement methods for distributed parameter system
identification. CRC Press, 2004.

[36] Demetriou, M.A.; Ucinski, D., “State estimation of spatially distributed processes
using mobile sensing agents,” Proceedings of the 2011 American Control
Conference, June 29-July 1 2011, pp. 1770 — 1776.

[37] Burns, J.A.; Cliff, E/M.; and Rautenberg, C., “A distributed parameter control
approach to optimal filtering and smoothing with mobile sensor networks,”
Proceedings of the 17th Mediterranean Conference on Control and Automation,

Thessaloniki, Greece, pp. 181 — 186, 24-26 June 2009.

69

DISTRIBUTION A: Distribution approved for public release.



[38] Burns, J. A. Rautenberg, C. N., “The infinite-dimensional optimal filtering
problem with mobile and stationary sensor networks,” Numerical Functional
Analysis and Optimization, 36(2), pp. 181-224, 2015.

[39] Egorova, T., Gatsonis, N. A., Demetriou, M. A., “Estimation of Gas
Concentration from a Moving Source with an Unmanned Aerial Vehicle”,
submitted to Journal of Guidance, Control, and Dynamics.

[40] Gatsonis, N. A., Demetriou, M. A., and Egorova, T., “A controls-CFD approach
for estimation of concentration from a moving aerial source: Comparisons between
switched and dynamically adapted grids in 2D,” Proceedings of the 2Ith
Mediterranean Conference on Control and Automation, IEEE, 2013, pp. 1029-
1034.

[41] Gatsonis, N. A., Demetriou, M. A., Egorova, T., “Real-time Prediction of Gas
Contaminant Concentration from a Ground Intruder using a UAV,” Proceedings
of the IEEE Conference on Technologies for Homeland Security, April 2015.

[42] Egorova, T., Demetriou, M. A., Gatsonis, N. A., “Estimation of a gaseous release
into the atmosphere using an unmanned aerial vehicle,” Proceedings of the
European Control Conference, IEEE, July 2015.

[43] Watts, A. C., Ambrosia, V. G., and Hinkley, E. A., “Unmanned aircraft systems
in remote sensing and scientific research: Classification and considerations of
use,” Remote Sensing, Vol. 4, No. 6, pp. 1671-1692, 2012.

[44] Austin, R., Unmanned aircraft systems: UAVS design, development and
deployment. Vol. 54, John Wiley & Sons, 2011.

[45] Maslankik, J. “Polar remote sensing using an unpiloted aerial vehicle (UAV),”
Seminar, ATOC7500, November. 2002.

[46] Rodi, W., Turbulent buoyant jets and plumes. Vol. 3. New York: Pergamon press,
1982.

[47] Davies, P. A., and Valente Neves, M. J. Recent research advances in the fluid

mechanics of turbulent jets and plumes. Vol. 255, Springer, 1994.

[48] Seinfeld, J. H., and Pandis, S. N., Atmospheric Chemistry and Physics: from Air
Pollution to Climate Change, John Wiley & Sons, Hoboken, NJ, 2012.

70

DISTRIBUTION A: Distribution approved for public release.



[49] Arya, S. P., Air Pollution Meteorology and Dispersion, Oxford University Press,
New York, 1999.

[50] Stockie, J. M., “The mathematics of atmospheric dispersion modeling. Siam
Review, Vol. 53(2), pp. 349-372, 2011.

[51] Somlyai, L., Turdczi, A., and Molnar, A., “Atmospheric analyser for mobile
robots,” 2012 IEEE 13th International Symposium on Computational Intelligence
and Informatics (CINTI), pp. 181-185. IEEE, 2012.

[52] Liu, X., Cheng, S., Liu, H., Hu, S., Zhang, D., and Ning, H., “A survey on gas
sensing technology,” Sensors, Vol. 12(7), pp. 9635-9665, 2012.

[53] Beard, J., et al. “Mobile phone based drifting lagrangian flow sensors,” 2012
IEEE 3rd International Conference on Networked Embedded Systems for Every
Application (NESEA), IEEE, 2012.

[54] Bennett, A., Lagrangian Fluid Dynamics, Cambridge University Press, New
York, 2006.

[55] Fiorelli, E., et al. “Multi-AUV control and adaptive sampling in Monterey Bay.”
IEEE Journal of Oceanic Engineering, Vol. 31(4), pp. 935-948, 2006.

[56] Beard, R. W., and McLain, T. W., Small unmanned aircraft: Theory and practice.

Princeton University Press, 2012.
[57] Phillips, W. F., Mechanics of flight. John Wiley & Sons, 2004.
[58] Napolitano, M. R., Aircraft Dynamics. Wiley, 2011.
[59] Anderson, J. D. Introduction to flight. Vol. 199. Boston: McGraw-Hill, 2005.

[60] Zhao, Y., and Tsiotras, P., “Time-optimal path following for fixed-wing aircraft,”
Journal of Guidance, Control, and Dynamics, Vol. 36(1), pp. 83-95, AIAA, 2012

[61] Menon, P. K., Vaddi, S. S., and Sengupta, P., “Robust landing guidance law for

impaired aircraft,” Journal of Guidance, Control, and Dynamics, Vol. 35(6), pp.

1865-1877, AIAA, 2012.

[62] Williams, P. “Three-dimensional aircraft terrain-following via real-time optimal
control,” Journal of Guidance, Control, and Dynamics, Vol. 30(4), pp. 1201-1206,
2007.

71

DISTRIBUTION A: Distribution approved for public release.



[63] Demetriou, M. A., “Guidance of Mobile Actuator-plus-Sensor Networks for
Improved Control and Estimation of Distributed Parameter Systems,” IEEE

Transactions on Automatic Control, vol. 55(7), pp. 1570-1584, IEEE, 2010.

[64] Hirsh, C., Numerical Computation of Internal and External Flows: the
Fundamentals of Computational Fluid Dynamics, Butterworth-Heinemann,
Burlington, MA, 2007.

[65] Hirsh, C., Numerical Computation of Internal and External Flows. Volume 1:
Fundamentals of Numerical Discretization, Vrije Universiteit Brussel, Brussels,
Belgium.

[66] Versteeg, H. K., and Malalasekera, W., An Introduction to Computational Fluid
Dynamics: the Finite Volume Method, Pearson Education, Harlow, UK, 2007.
[67] Thuburn, J., “TVD Schemes, Positive Schemes, and the Universal Limiter,”
Monthly weather review, 1997, Vol. 125, No. 8, American Meteorological Society

(AMS).

[68] Kurganov, A., and Tadmor, E., “New High-resolution Central Schemes for
Nonlinear Conservation Laws and Convection-Diffusion Equations,” Journal of
Computational Physics, 2000, Vol. 160, No. 1, Elsevier, pp. 241-282.

[69] Thompson, J. F., Warsi, Z. U., and Mastin, C. W., Numerical Grid Generation:
Foundations and Applications, North-Holland, Amsterdam, 1985.

[70] Keyes, D. A., Ecer, N., Satofuka, P. F., and Periaux, J., Parallel Computational
Fluid Dynamics' 99: Towards Teraflops, Optimization and Novel Formulations,
Elsevier, Amsterdam, Netherlands, 2000.

[71] Manzini, G., and Russo, A., “A Finite Volume Method for Advection-Diffusion
Problems in Convection-Dominated Regimes,” Computer Methods in Applied
Mechanics and Engineering, 2008, Vol. 197, No. 13, Elsevier, pp. 1242-1261.

[72] Roy, J., “Grid Convergence Error Analysis for Mixed-Order Numerical
Schemes,” AIAA Journal, 2003, Vol. 41, No. 4, pp. 595-604.

72

DISTRIBUTION A: Distribution approved for public release.



Response ID:6463

1.

1. Report Type
Final Report

Primary Contact E-mail

Contact email if there is a problem with the report.
mdemetri@wpi.edu

Primary Contact Phone Number

Contact phone number if there is a problem with the report
508-831-5459

Organization / Institution name
Worcester Polytechnic Institute

Grant/Contract Title

The full title of the funded effort.

Detection of a Moving Gas Source and Estimation of its Concentration Field with a Sensing Aerial Vehicle:
Integration of Theoretical Controls and Computational Fluids

Grant/Contract Number
AFOSR assigned control number. It must begin with "FA9550" or "F49620" or "FA2386".

FA9550-12-1-0114

Principal Investigator Name

The full name of the principal investigator on the grant or contract.
Michael A. Demetriou

Program Manager

The AFOSR Program Manager currently assigned to the award
Fariba Fahroo

Reporting Period Start Date
04/01/2012

Reporting Period End Date
03/31/2016

Abstract

The advection-diffusion (or dispersion) of gases from a localized, stationary or a moving gas source into an
ambient environment, results in a plume (or jet) that is representative of processes with numerous
applications of interest to the Air Force. For example, the accidental

or deliberate release of gases from a land-based, air or space vehicle, results in a plume that can be used
for the detection of the vehicles position. The deliberate release of biochemical, results in a plume that can
be used in tracking and identifying the source. The release of

gases/odors from biological systems results in a plume that may be important in search/rescue missions.
With this work we propose to further develop a model-based approach for detecting the location of a
moving gaseous source and the concentration via the use of a Sensing Aerial Vehicle (SAV). This model-
based approach incorporates the dynamics of the advection diffusion process, the concentration estimation
scheme, the sensing aerial vehicle dynamics

and guidance, and the onboard sensor modeling.

Distribution Statement
This is block 12 on the SF298 form.

DISTRIBUTION A: Distribution approved for public release.



Distribution A - Approved for Public Release

Explanation for Distribution Statement
If this is not approved for public release, please provide a short explanation. E.g., contains proprietary information.

SF298 Form
Please attach your SF298 form. A blank SF298 can be found here. Please do not password protect or secure the PDF

The maximum file size for an SF298 is 50MB.
AFD-070820-035Demetriou.pdf

Upload the Report Document. File must be a PDF. Please do not password protect or secure the PDF . The
maximum file size for the Report Document is 50MB.

FinalReportDemetriou-Gatsonis-2016-FA9550-12-1-0114.pdf
Upload a Report Document, if any. The maximum file size for the Report Document is 50MB.
Archival Publications (published) during reporting period:

2. New discoveries, inventions, or patent disclosures:
Do you have any discoveries, inventions, or patent disclosures to report for this period?

No
Please describe and include any notable dates
Do you plan to pursue a claim for personal or organizational intellectual property?
Changes in research objectives (if any):
Change in AFOSR Program Manager, if any:
Extensions granted or milestones slipped, if any:
AFOSR LRIR Number
LRIR Title
Reporting Period
Laboratory Task Manager
Program Officer
Research Objectives
Technical Summary

Funding Summary by Cost Category (by FY, $K)
Starting FY FY+1 FY+2
Salary
Equipment/Facilities
Supplies
Total
Report Document
Report Document - Text Analysis

Report Document - Text Analysis
Appendix Documents

2. Thank You

E-mail user

Jun 30,2016 12:10:01 Success: Email Sent to: mdemetri@wpi.edu

DISTRIBUTION A: Distribution approved for public release.


http://www.wpafb.af.mil/shared/media/document/AFD-070820-035.pdf
http://www.wpafb.af.mil/shared/media/document/AFD-070820-035.pdf
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/11364/363557/90-61a0633db9593744c33ba5b04768b4a2_AFD-070820-035Demetriou.pdf
http://surveygizmoresponseuploads.s3.amazonaws.com/fileuploads/11364/363557/90-2653392f4bdb245a0530e14e8be79fe2_FinalReportDemetriou-Gatsonis-2016-FA9550-12-1-0114.pdf

	FA9550-12-1-0114 TITLE
	FA9550-12-1-0114 SF298
	FA9550-12-1-0114 FINAL REPORT
	amazonaws.com
	Microsoft Word - FinalReportDemetriou-Gatsonis-2016-FA9550-12-1-0114.docx


	FA9550-12-1-0114 SURV



